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Abstract
Comparison of Condensation Nuclei Counter and Controlled
Negative Pressure Methods under Different Environmental
Conditions Tested with a Mannequin and Human Subjects
Olanrewaju John Fadairo
Continuing concern about exposure to respiratory hazards at various workplaces
and prevalent pandemics such as H1N1/09 influenza and COVID-19, have necessitated a
need for more research regarding respirators. Quantitative fit testing (QNFT) is a
critical component of an OSHA compliant respiratory protection program. QNFTs
are often performed in environments where temperature and relative humidity (RH) vary.
However, no study has investigated the possible effects of these parameters on
penetration and QNFT results.
This

comparative

study

utilized

condensation

nuclei

counter

(CNC)

and

controlled negative pressure (CNP) methods to quantitatively determine simulated
mannequin fit factors (SMFFs) and human fit factor (HFFs) using 8 different models of
NIOSH-certified elastomeric

respirators in

laboratory

ambient

and

controlled

environmental conditions. Each test methodology employed 8 test subjects, 2 QNFT
methods, two environmental conditions and 8 respirator models resulting in 32 overall fit
factors (FF) for each subject. This resulted in a total of 256 FFs collected on human
subjects and 96 FFs for a mannequin. The SMFFs determined by CNC, were measured at
14 breaths per minute (bpm) and tidal volume (VT) of 800mL (11.2LPM) at cyclic
breathing pattern.
A paired t-test using SAS PROC means, revealed that the mean FF measured with the
CNC test methodology, was significantly different to the mean CNP FF (p<0.05) for both
human and mannequin studies. For the mannequin test with CNC, a significant
difference was found between the tests which were conducted in ambient and
controlled environmental conditions, but no significant difference was found on the
human test subjects. The CNP tests in ambient versus environmental conditions was not
found to be significantly different for both mannequin and human subjects (all p>0.05).

The comparison of the mean SMFF and the mean HFF using the SAS procedure GLM
showed no significant difference in either ambient or controlled environmental conditions
(all p>0.05). Significant differences were seen in all the variables (device type, condition,
respirator style and respirator make) in the four-factor model with post hoc analyses for the
mannequin study but only the “device type” and “respirator make” produced significant
differences in the human subjects study. The results indicated that the comparison of the
mannequin and human tests results could be beneficial in conducting respiratory protection
research.
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1. INTRODUCTION
Respiratory protection related citations ranked number four among the top violations cited
by the OSHA in the fiscal year 2018 (OSHA, 2018). This suggests the need to put into
place the necessary measures to prevent similar occurrences in the future. Quantitative fit
factors measured during respirator fit testing have been found to correlate significantly with
the actual performance of the respirator in the workplace (Zhuang et al., 2003). The OHSA
respirator standard, 1910.134, mandates that the respirator fit testing must be part of any
OSHA compliant respirator program. With quantitative fit testing (QNFT), how well a
mask fits on the wearer’s face can be numerically estimated. Irrespective of the quality and
efficiency of a respirator, it will not provide adequate protection for the wearer if there is
an inadequate fit (Clayton and Vaughan, 2005).
To detect face seal leakage into air purifying respirators (APR), QNFT methods using the
condensation nuclei counter (CNC) and controlled negative pressure (CNP) have been
approved by OSHA. These two methods are uniquely different in their techniques of
operation and as such have uniquely different limitations. These limitations could result in
disparities in their estimated fit factors (FF). The amount of contaminants that penetrate
APRs depends on various factors such as filter efficiency, respirator type, wearer’s facial
dimensions, aerodynamic diameter of the challenge aerosol particle size and shape, particle
distribution in the respirator cavity, filters efficiency and leak locations (Myers et al.,
1986). Tight-fitting respirators are in close contact with the wearer’s facial skin. The
mask’s contact with the facial skin causes heat transfer by conduction and the evaporation
of sweat within the area of the facial skin covered by the respirator to be restricted.
Environmental conditions such as temperature and humidity increase sweat rate and

1

generally reduce the users’ acceptability of the mask. (Nielsen et al., 1987). The rate of
sweat accumulated within the cavity of the elastomeric full-facepiece respirators was
quantified by Johnson et al. (1997). However, the effect of these environmental conditions
(temperature and humidity) that aggravate sweat rate on respirator fit factors determined
by both CNC and CNP methods, have not received the attention of researchers over the
years. Therefore, it is important to investigate how the sweating and wetness caused by an
increase in temperature and humidity within the environment can affect the quantitative fit
factors measured by the aerosol fit test system and the controlled negative pressure device.
If the respirator fit factor is overestimated or underestimated, as a result of the effects of
environmental factors under which the tests take place, workers’ health can be jeopardized.
Therefore, this study was conducted to evaluate and compare the impact of temperature
and humidity on the quantitative fit factors determined by CNC and CNP methods on
mannequin and human subjects.

1.1 Background
The use of elastomeric APRs has become extensive in diverse industrial environments over
the years. This stems from the crucial need to protect workers from inhalation hazards
when engineering controls are being instituted or when it is not practically achievable to
keep exposure below the permissible exposure limit (PEL) (NIOSH, 1998). The APR is
designed to protect a worker against airborne contaminants (dust, fumes, spray,
bioaerosols, and smoke). As a last element of the hierarchy of control measures it is
expected to be efficient and comply with standards. Conformity to the standards includes
a mandatory fit test with an OSHA-approved fit test method. Both qualitative respirator fit
testing (QLFT) and quantitative respirator fit testing (QNFT) methods are accepted by
OSHA.
2

Qualitative respirator fit testing involves a subjective detection of the odor, taste or
irritation of the test agents. The results bear pass/fail to use the tested respirator. QNFT is
not based on subjective testing but relies on the measurement made by OSHA’s approved
fit test devices. The two OSHA-approved QNFT devices are the condensation nuclei
counter (CNC) such as PortaCount® Pro+ fit tester 8038 and PortaCount® 8030 (TSI,
Inc., Shoreview, MN) and Quantifit™ Occupational Health Dynamics (OHD, Inc.,
Birmingham, AL) that utilizes the controlled negative pressure (CNP) method. The TSI
PortaCount® Pro+ is an aerosol based QNFT device which derives its fit factor from the
ratio of the measured concentration of challenge agent in the ambient air to the
concentration of the challenge agent that penetrates into the mask (Lawrence et al., 2006;
Myers et al., 1986). The fit factor by the Quantifit instrument represents the ratio of the
modeled breathing rate (MBR) or the breathing rate of an individual to the measured
inward leakage into the respirator (Crutchfield, Pham and Van Ert, 1993). The volume of
air leakage into the respirator represents the amount of contaminants that penetrate the
mask through the face seal (ANSI/AIHA Z88.10 - 2001 Respirator Fit Testing Methods,
2001). Many studies have used these instruments to determine QNFT for tight-fitting APRs
(Crutchfield, Murphy and Ert, 1993; Janssen et al., 2002; Coffey et al., 1998).
According to Moyer (1983), among the factors to be considered for the proper selection of
organic vapor respirator cartridges are the concentration of the contaminants, temperature,
and relative humidity. Dukes-Dobos and Smith (1984) suggested the need to reduce the
heat at the workplace while wearing air-purifying half and full-face masks. Nevertheless,
the possible effects of environmental factors (temperature and RH) on the quantitative fit
factors have not been investigated. The aim of this study is to fully examine the influence
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of temperature and RH on the quantitative fit factors and determine the level of correlation
between the fit factors obtained in ambient and controlled environmental conditions. The
comparison of the two quantitative test methods is also important because the CNC and
CNP methods differ in various respects including the way they estimate their fit factors.
Due to these variations in the fit factors estimated by CNC and CNP and the ultimate need
to guarantee workers’ protection when using respirators under different temperature and
humidity, this research seeks to focus on the measuring, evaluation and comparison of fit
factors as determined by CNC and CNP when the temperature and humidity of the test
environments vary. The study involves comparing the CNC and CNP methods of fit testing
respirators. Eight popular and commercially available elastomeric respirator models would
be tested on both mannequin and human subjects in both ambient and controlled
environmental conditions.

1.2 Research Hypotheses
This project attempts to examine the following three hypotheses:
1. The mean FF between CNC and CNP is significantly different when tests are
conducted with either a mannequin or human subjects in a specific condition.
2. Environmental Conditions (Temperature and RH) have significant effects on the
quantitative fit factor determined by CNC and CNP methods.
3. The fit test results between the mannequin and human subjects differ significantly
when the tests are conducted with CNC and CNP in a specific condition.
Hypothesis1(H1): H1 investigates the statistically significant difference attributed in the
mean FF due to fit test method (CNC vs CNP).
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Hypothesis 2(H2): H2 investigates the statistically significant difference in the mean FFs
attributed to the different test conditions (ambient vs controlled environmental
conditions).
Hypothesis 3 (H3): H3 investigates significant difference in the mean FF attributed to
subject type (Mannequin and Human subjects).

1.3 Hypotheses and Sub-Hypotheses
This study presents three main hypotheses (H1, H2 and H3) and 12 related sub-hypotheses

H2: Environmental Condition
(Temperature and RH) have significant
effects on the quantitative fit factor
determined by CNC and CNP methods.

H3: The simulated fit factor of a
mannequin (SMFF) and human fit
factor (HFF) differ significantly when
tests are conducted with either CNC or
CNP in a specific condition.

H1.1The CNC mean SMFF in ambient
condition is significantly different
from the CNP mean SMFF in
ambient condition.

H2.1:The CNC mean SMFF in ambient
condition is significantly different from
the CNC mean SMFF in controlled
environmental condition.

H3.1: There is a significant difference
between the CNC mean SMFF and the
CNC mean HFF when tests are
conducted in ambient condition.

H1.2:The CNC mean SMFF in
controlled environmental condition
differs significantly from the CNP
mean SMFF in controlled
environmental condition.

H2.2:The CNP mean SMFF in ambient
condition differs significantly from the
CNP mean SMFF in controlled
environmental condition.

H3.2: The CNC mean SMFF differs
significantly frrom the CNC mean HFF
when tests are conducted in controlled
environmental condition

H1.3:The CNC mean HFF in ambient
condition differs significantly from
the CNP mean HFF in ambient
condition.

H2.3:The CNC mean HFF in ambient
condition is significantly different from
the CNC mean HFF in environmental
condition.

H3.3: The CNP mean SMFF is
significantly different from the CNP
mean HFF when tests are conducted
in ambient condition.

H1.4 The CNC mean HFF in
controlled environmental
condition differs significantly from
the the CNP mean HFF in controlled
environmental condition .

H2.4: There is a significant difference
between the CNP mean HFF in
ambient condition and the CNP mean
HFF in controlled environmental
condition.

H3.4: There is a significant difference
between the CNP mean SMFF and the
CNP mean HFF when tests are
conducted in controlled
environmental condition .

SUB-HYPOTHESES

H1: The mean FF between CNC
and CNP is significantly different
when tests are conducted with
either a mannequin or human
subjects in a specific condition.

HYPOTHESES

HYPOTHESES

Figure 1. 1: Hypotheses and Sub-hypotheses

1.4 Research Objectives
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1. Compare quantitative fit factors of CNC and CNP methods in both ambient and
controlled environmental conditions.
2. Investigate the effects of environmental factors (temperature and humidity) on the
quantitative fit factors determined by CNC and CNP.
3. Compare mannequin and human fit test results to ascertain the possibility of substituting
mannequin for human subjects in respiratory protection research especially where there is
the need to challenge facepiece-to-faceseal with real hazardous.

1.5 Significance and Contributions of the Research
Several studies have determined the level of protection provided by respirators by
investigating various factors. These factors included subjects’ characteristics (facial
anthropometry and gender) and respirator features (Zhuang, Coffey and Ann, 2005), fit test
exercises and mask donning (Crutchfied, D., Fairbank, E., and Greenstein, S. 1999), leak
location (Myers et al., 1986) and particle size (Vo et al., 2015). Some of these studies have
been conducted with an aerosol-based fit test system, or a controlled negative pressure fit
test system, or both. The level of respirator fit depends mainly on the face-seal leakage.
Therefore, the fit factor of a respirator can be referred to as the reciprocal of face-seal
leakage (Crutchfield and Park, 1997; Popendorf, 2019).
A review of significant factors affecting the performance of organic vapor (OV) airpurifying cartridges was carried out by (Moyer 1983). The author pointed out that
environmental factors such as oxygen level, contaminant concentration and composition,
the contaminant's warning properties, temperature, and relative humidity (RH) are
necessary factors to be considered when selecting OV cartridges. This study agrees with
the findings by Revoir and Bien (1997) who stated that conditions such as temperature and
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humidity affect the efficacy of the air-purifying element. High temperature contributes to
the psychological stress experienced by the wearers of respirators (James, Dukes-Dobos
and Smith, 1984). The discomfort triggered by environmental factors can result in wearers
tampering with the fit, or taking the respirator off, or not wearing it at all (Or, Chung and
Wong, 2018). According to Wasteland (1998), heat exposure often causes workers to take
off PPE. Such an attitude may depend on the level of individual response to heat and stress.
(Morgan, 1983). The alteration of the face seal will result in more leakage into the
respirator which would diminish the protection level of the respirator (Crutchfied, and
Fairbank, and Greenstein, 1999). Despite several publications on the physiological
consequences of wearing a respirator in a thermal environment (Kaywhite, Hodous and
Vercruyssen, 1991; James, Dukes-Dobos and Smith, 1984; Coffey, Campbell and Myers,
1999), no study has been conducted to examine how the temperature and relative humidity
affect the quantitative fit factors.
Since the FFs have been found to correlate with some simulated workplace protection
factors (SWPF) (Sietsema and Brosseau, 2018) and some actual workplace protection
factors (Zhuang et al., 2003), it is pertinent to investigate if temperature and relative
humidity have a significant effect on face seal leakage.
In addition, tight-fitting respirators are in close contact with a wearer’s facial skin. The
mask’s contact with facial skin causes a heat transfer by conduction. The evaporation of
sweat is also restricted within the area of the facial skin covered by the respirator.
Environmental conditions such as temperature and humidity also increase sweat rate and
generally reduce users’ acceptability (Nielsen et al., 1987). The study also reported that
temperature and humidity affected the temperature of the skin located within the perimeter
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of the mask, particularly the skin above the upper lip. Sweating helps in regulating body
temperature but an increase in humidity slows down the evaporation of sweat. When
sufficient heat cannot be lost from the body by convection (air movement) or the
evaporation of sweat due to high humidity, body temperature rises significantly. The rate
of sweat accumulated within the cavity of the elastomeric full-facepiece respirators was
quantified by Johnson et al. (1997). This study shows that wearing a respirator, especially
in a warm and humid environment could result in the accumulation of sweat within the
respirator. The slipping or sliding of a respirator as a result of sweating, could create a gap
between the respirator edge and the wearer’s face. If the respirator fit factor is either
overestimated or underestimated, as a result of the effects of these environmental factors
under which the tests took place, workers’ health can be jeopardized.
Some authors have compared the fit factors obtained by these different methods
(Crutchfield, Murphy and Ert, 1993; Janssen et al., 2002; Coffey et al., 1998). Despite, the
wide acceptance of these methods to measure fit factors, their capability to meet the criteria
for an acceptable quantitative fit test under different environmental conditions has not been
proven. Also, a study conducted by Moyer (1983) suggested the need to conduct research
on the impact of different environmental conditions on the efficiency of electrostatic filter
materials.
A study conducted by (Caretti and Gardner, 1999) investigated the correlation between
sweat accumulation and human subjects’ FF. However, the study only used photometer to
determine the FFs. High temperature and humidity have both been reported to contribute
to sweat accumulation inside the mask. However, researchers have not done a comparative
study using both CNC and CNP methods to determine if temperature and humidity have a
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significant effect on FFs. Furthermore, no study has been conducted using both CNC and
CNP to compare FFs between a mannequin (SMFF) and humans (HFF) in controlled
environmental conditions.
This study will use the two OSHA-approved QNFT methods (CNC and CNP) to verify if
these environmental factors significantly affect the outcome of the fit evaluations.
Comparing FFs in both ambient and environmental conditions would help to determine if
there is a significant difference between the FFs in both conditions.
It is hypothesized that the fit factors produced by respirators in the ambient environment
will differ significantly from the fit factors obtained under different environmental
conditions. It is also anticipated that there would be a significant difference between the
overall fit factors for mannequins (SMFF) and humans (HFF).
Therefore, this study was conducted using CNC and CNP methods to evaluate and
compare the impact of temperature and humidity on the quantitative fit factors of different
respirator models donned on mannequin and human subjects.

Chapter 2
2. THEORY AND LITERATURE REVIEW
2.1 Standards, Regulations and Guidance on Respirator Fit Testing
Conducting and passing a respirator fit test prior to a worker being assigned a particular
model and size of respirator, is a regulatory requirement in many countries. In the United
States, the OSHA standards 29 Code of Federal Regulations 1910.134 (CFR) include the
regulatory framework and guidance pertaining to the use of respiratory protection for
workers in the United States. The United Kingdom Health and Safety Executive (HSE
282/28) provides a guidance on how respirator fit testing should be conducted (HSE, 2012).
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While the OSHA requires an annual fit test, UK standards only require that a fit test be
conducted when the wearer is changing to another type of mask or if he experiences a loss
or gain in weight or after undertaking substantial dental surgery. The American National
Standards Institute (ANSI) also provides some guidance and procedures that pertain to the
appropriate conduct of respirator fit testing. To comply to the Joint Australian/New
Zealand standards AS/NZS1715:2009, respirator fit testing is also a mandatory
requirement for all tight-fitting respirators (Australian/New Zealand standard, 2009).
Respirators can be worn by employees on a voluntary basis for personal health and safety
(Zhuang and Bradtmiller, 2005; OSHA, 2018) even when an occupational exposure
assessment and evaluation show that a respirator is not required (OSHA, 2018). It is
mandatory to wear a respirator after an employer’s evaluation of the workplace reveals the
presence of any airborne hazards that could damage the workers’ health. Voluntary use is
permitted when the occupational exposure assessment shows that the use of respirators are
not required for the job. For voluntary use, employers are to provide the wearers with the
required information and are to ensure that the respirator itself does not present a hazard.
Medical evaluations are not required for the voluntary use of FFR. For the elastomeric APR
and powered air-purifying respirators (PAPR), employers are still required to implement
the elements of a written respiratory protection program (RPP) to ensure that the respirator
wearers are medically fit, and that the respirators are well maintained so that their use does
not create hazards for the employees. A respirator fit test is not a requirement for the
voluntary use of respirators (29 CFR 1910.134(c)(2)(ii); OSHA, 2018).

2.2 Air Purifying Respirators (APRs)
Air-purifying respirators can be categorized into positive pressure, negative pressure (nonpowered) or multifunction air purifying respirators. Powered air-purifying respirators
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(PAPR), also known as positive air purifying respirators, are referred to as” assisted” RPD
by EN standards, while so-called negative air-purifying respirators in the US are referred
to as “unassisted” RPD by EN standards (Colton, 2014). Air purifying respirators are
protective devices that work by using filters, cartridges or canisters to remove gases, vapors
or aerosols or a combination of contaminants before the wearers breathe in the air.
(Martyny, Glazer and Newman, 2002). The particulate filters and cartridges are
replaceable. A filter or cartridge replacement is required after the service life or when there
is noticeable depreciation in the efficiency (Jones and Ayes, 2015). The filters can last for
a long period without the need for replacement if the concentration of the contaminants is
low. On the other hand, if there is appreciably high concentration of contaminants, a
positive pressure supplied air-purifying respirator (SAR), often known as an airline
respirator, supplies breathable air to the wearer (Colton, 2014). SAR offers protection to
the wearers without a reliance on filters to purify ambient air (Lenhart et al., 2004) and
provides better protection for a longer period (OSHA, 2002). Filtering face masks are
lightweight and require no maintenance except to be cleaned and disinfected (Lenhart et
al., 2004). They are the most common type of respirator available and are therefore often
misused (Martyny, Glazer and Newman, 2002). Misuse of respirators arises when the
identification and concentration levels of the contaminants were not determined prior to
their use and improper donning. Cummings et al. (2007) reported that N95 FFR were often
misused after hurricane Katrina in New Orleans. This misuse can result in exposure to a
high level of airborne hazards. Therefore employers must safeguard against any potential
for misuse by developing effective respiratory protection programs.

2.2.1 Negative Pressure (Non-Powered) Air-Purifying Respirators
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The most common type of respirator is the negative (non-powered) air respirator (Han,
Willeke and Colton, 1997). The benefit of these negative pressure APRs is that they are
generally the least expensive and easy to use. During the wearer’s inhalation, slight
negative pressure is created inside the mask, leading to the drawing and purification of
contaminated air through the filter (Campbell et al., 2005). Both filtering facepiece
(disposable) respirators and elastomeric half-mask and full-facepiece respirators, are
examples of negative air-purifying respirators. Elastomeric respirators could protect the
wearers from hazardous particulates, gases and vapors or a combination of these depending
on the classes of the filters or cartridges used (Martyny, Glazer and Newman, 2002).
NIOSH approved tight-fitting negative pressure air-purifying respirators, are designed to
fit closely and to form a seal with the wearer’s face to prevent face seal leakage. Although,
negative air purifying respirators provide protection against contaminated air, this
protection is limited because, when there is no proper seal with the wearer’s face, the same
respirator draws in contaminated air through the face seal interface (Campbell et al., 2005;
Han, Willeke and Colton, 1997)

2.2.2 Filtering Facepiece Respirators (FFRs)
For the filtering facepiece respirator, the entire mask is its filter (Yamamoto, 2018). OSHA
defines filtering facepiece respirators (FFRs) in 29 CFR 1910.134(b) as the negative
pressure air-purifying particulate respirators in which the entire mask itself is the filtering
medium. Like elastomeric air-purifying respirators, it has an approved protection factor
(APF) 10. FFR is sometimes referred to as a dust mask or a disposable filtering facepiece
respirator. FFR offer protection by filtering out particles but is not suitable to be used as a
protection against non-particulate contaminants like gases and vapors. A certified or
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NIOSH approved FFR, whether N, R or P, must have the efficiency (90, 95, 100) indicated
and have double straps. The NIOSH approval number can be found on the respirator or on
the NIOSH approval label on the package. As a major requirement, as stated in 29 CFR
1910.134, the OSHA requires that every worker that will use FFR must be fit tested before
initial use and obtain a passing score of 100 unless to be used on a voluntary basis.

Figure 2. 1: FFR with exhalation valve

2.2.3 Reusable Elastomeric Air-Purifying Respirators
This type of negative pressure air-purifying respirators includes a half or full facepiece. It
is more expensive than disposable FFRs (Nicas, 1995) but it has the advantage of extended
use. It requires maintenance to prevent damage or deformation. It can be reused if regular
cleaning, decontamination, and storage from extreme weather like sunlight, high
temperature, excessive humidity, and chemical exposure, are employed. It must, however,
be thoroughly inspected for damages and must not be reused if found defective (Sargent
and Gallo, 2003). Air-purifying respirators are often called “negative pressure” or “nonpower” air-purifying respirators. A negative pressure respirator refers to any tight-fitting
respirator (disposable or reusable) in which the air pressure inside the respirator facepiece
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is negative during inhalation with respect to the ambient air pressure outside the respirator
(Colton, 2018).

Figure 2. 2: Reusable Elastomeric Half mask respirator with particle filter
Source: (HSE, 2013)

Figure 2. 3: Full face respirator with gas/vapor filter
Source: (HSE, 2013)

2.2.4 Powered Air-Purifying Respirators
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A Powered air-purifying respirator (PAPR pronounced PAP-er) is a type of air-purifying
respirator utilizing a battery pack and a motor blower unit to force ambient air through the
respirator’s air filtering element for the wearer to breathe in purified air (Hatmaker, 2007).
PAPR typically includes a motor/blower assembly, rechargeable battery pack, air purifying
element, and other components such as a breathing tube, and headgear. Depending on the
product design, the headgear can be a hood, helmet or full-facepiece and the air-purifying
element can be a high efficiency particulate air (HEPA) filter or Chemical, Biological,
Radiological, and Nuclear (CBRN) cartridges (Cuta, 2014). A PAPR with a tight-fitting
full facepiece or half-facepiece requires a fit test, while the loose-fitting type with hood or
helmet does not require a fit test (Lenhart et al., 2004). PAPRs are expected to demonstrate
a high level of performance and 29 CFR 1910.134 recommends a minimum of Assigned
Protection Factor 1000 for tight-fitting respirators. Loose-fitting PAPRs with a hood,
helmet, or other loose-fitting headgear, can be worn by employees with facial hair whereas
tight-fitting PAPRs require the wearers to be clean shaven.
Because PAPRs utilize battery-powered blowers instead of lung power, to force
contaminated air through the filter into the facepiece and thus reduce the negative pressure
that can cause face-seal interface leakage, they are used to provide a high level of
protection. PAPRs with a belt unit (motor/blower) are normally worn around the waist,
though, some designs have an optional feature (backpack) that enables the users to wear it
on their back. PAPRs are cumbersome to use and generally more expensive to purchase
and maintain than negative-pressure APRs. In addition, the battery must be charged to
minimize downtime (Campbell et al., 2005).
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Figure 2. 4: Powered air purifying respirator (PAPR) System with Loose-Fitting Hood
(3mcanada.ca, 2020)

Figure 2. 5: Powered Air purifying respirator with helmet
(HSE, 2013)
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Figure 2. 6: PAPR (Powered Air Purifying Respirator) System with Welding Helmet
features
(Cyberweld.com, 2019)

Figure 2. 7: Powered Air-Purifying Respirator (PAPR) System with Tight-Fitting FullFace Mask
(Envirosafetyproducts, 2019)

2.3 Respirator and Facial Anthropometry
The National Institute of Occupational Safety and Health (NIOSH) have the responsibility
to ensure that respirators meet all certification criteria. They recognized that using the old
facial anthropometry data obtained from the US Airforce men and women in the late 1960’s
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would not be a good representation of the current US workforce facial anthropometry. The
1960’s facial anthropometry data was used, beginning in 1973 and continued through the
early 2000’s to establish respirator fit test panels that served as the basis for size
requirements and the design of respirators. In the early 2000’s, the NIOSH developed new
respirator fit panels based on facial anthropometry data that realistically represented the
current generation of workers wearing respirators (Bradtmiller and Friess, 2004; Zhuang
and Bradtmiller, 2005).
The revised fit test panels were developed from measurements taken from 3997
respirator users which were selected to portray more realistically the demographic makeup
of the US workforce geographic, and the variability of the respirator users across the United
States. Based on the 2003 anthropometric survey, the fit test panel for half-facepiece
respirators was defined by the anthropometric measurements of face length and face
breadth; in contrast, the 1973 half-facepiece respirator fit panel was based on the
anthropometric measures of face length and lip length. The 1973 full-facepiece respirator
fit test panel was based on the anthropometric measures of face length and face width. The
2003 anthropometric survey conducted by NIOSH also concluded that face length and face
width were the best anthropometric measures for the full-facepiece fit.

2.4 Correlation of Workplace Protective Factors (WPFs) and QNFF
Respirators are widely used to reduce exposure to hazardous airborne contaminants. Fit
factor (fit test result) represents the level of fit between the respirator and the wearer’s face
when the test is being conducted. Fit factors help to determine that the individual is using
an adequately fitting respirator and serve as an essential training (Coffey, Campbell and
Zhuang, 1999). Workplace protective factors (WPF) are performed in actual workplace
environments. It helps to determine a respirator’s performance or the ability of a respirator
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to reduce exposure to inhalation hazards during work activities in a specific work
environment (Janssen, Zhuang and Shaffer, 2014). Respirator performance and
certification have been based on tests conducted in the laboratory. All sources of particle
leakage into the facepiece including faceseal leakage, filter element penetration into the
facepiece, leakage via a respirator exhalation valve and leakage through other locations are
taken into consideration (Han and Lee, 2005). Some studies have been conducted to
determine the workplace performance of respirators. (Zhuang et al., 2003; Han, 2002), and
(Coffey, Campbell and Zhuang, 1999). Han, (2002) compared the Workplace Protection
Factors of different brands of filtering facepiece respirators and their quantitative fit factors
in the Welding Workplace. (Zhuang et al., 2003), conducted a similar study in a steel
foundry. Workplace protection factors (WPFs) are more difficult to perform than the
quantitative fit factors (QNFFs) measured in the laboratory because of the difficulties of
facepiece sampling in the work environments (Han, 2002). The comparison study became
necessary because of the need to determine how much correlation exists between WPF and
QNFF and to investigate whether QNFF reflects WPF. A study by Zhuang et al., (2003),
using two models of elastomeric half-facepiece respirators in a steel foundry, identified a
significant correlation between WPF and QNFF. The study suggested that measured QNFF
is a predictor of WPFs during the same donning of a respirator. Han’s (2002), study of
workplace protection factors and quantitative fit factors correlation, was performed on 14
workers in a welding workshop. The study shows that measured WPFs differ significantly
(P<0.05) among the tested three brands of N95 FFR respirators. The study found
correlations (R2=0.38) between measured WPFs and QNFFs for all samples of the three
brands of N95 disposable respirators. A study on workplace protection factors using
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different models of negative half facepiece respirators by Myers and Zhuang (1998) in a
steel mill, shows that respirator models can have an influence on workplace protection.

2.6 Respirator Fit Testing
Qualitative or quantitative methods are used to evaluate the facepiece leakage of a
respirator prior to initial use. Fit factor (determined by quantitative method) is inversely
related to the face seal leakage into the respirator (Crutchfield and Park, 1997). The OSHA
requires that a subject be fit tested and obtain a passing score test before they can be
assigned to use a respirator. It is required that they use the same model, style and size used
to conduct the test. A Fit test is essentially mandated by the OSHA because it helps to
identify poorly fitting respirators that could result in sealing surface leakage and inadequate
protection for the wearers (Janssen et al., 2002). All the tight-fitting respirators require a
fit test but loose-fitting coverings like hoods, helmet and loose-fitting facepiece do not
require fit test. Fit testing is mandatory for all tight-fitting respirators at zero cost to the
employees (OSHA 2014; Lenhart et al., 2004). The National Institute of Occupational
Safety and Health (NIOSH) plays the role of testing and certifying respirators but this is
not intended to replace the mandatory respirator fit test instructed by OSHA (Clayton and
Vaughan, 2005).
Improper use and a poorly fit respirator can expose employees to any hazardous airborne
substances and pathogens at work. Studies conducted by Coffey et al., (2004); Yu et al.,
(2014) have been demonstrated to screen out poorly fit respirators. It must be carefully
and accurately conducted to avoid assigning an inappropriate respirator for the employee
to use in a hazardous atmosphere. A Fit test must be performed for an employee who would
be using a respirator for the first time and also whenever an employee is switching to either
a different make, model, size, or style of a respirator and this must be done at least once a
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year (OSHA, 2011). As a minimum requirement, it has been stated in 29 CFR 1910.34
that, an employee must achieve a passing score of at least 100 for a half-face and 500 for a
full-face elastomeric air purifying respirator in the fit test, before he can be qualified to
use the specific respirator. The US and the UK have the same minimum fit factors
requirements for half mask respirators. The UK HSE 282/28 determines the minimum
acceptable fit factor for a full-face mask to be 2000 which is far higher than the United
States minimum requirement of 500. This shows that the UK Health Safety and Executive
(HSE) did not apply the principle of ten times the APF to set this minimum fit factor
(Clayton and Vaughan, 2005). This standard also requires a pass score in each of the fit
test exercises and not just the aggregate fit factor. Another fundamental difference is that
while the OSHA requires the fit test to be conducted annually, the HSE, only considered a
repeat of the fit test necessary when the wearer is changing to a different respirator model
or if there is a significant change in physical features like weight gain or weight loss or
substantial dental work that make the respirator unsuitable for the wearer. The case is,
however, different for licensed asbestos removal workers where the HSE requires annual
fit testing (Health and Safety Executive, 2013)
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Figure 2. 8 : Respirator fit test methods accepted by OSHA

2.6.1 Qualitative fit-test method (QLFT)
Respirators cannot protect from contaminants if the fit is unacceptable. One of the OSHA
approved methods of determining the fit of a tight-fitting respirator is a qualitative fit test.
A qualitative fit test (QLFT) depends on the respirator wearer’s ability to detect any inward
leakage of the challenge agents into the mask. The QLFT is an alternative, less expensive
and OSHA recognized method of respirator fit testing once the subject is medically
qualified to wear a respirator (Fennelly, 1997). It requires the test subjects to wear hoods
or other protective coverings. A certain quantity of OSHA approved agent is released in
the form of aerosol into the hood or coverings while the subject uses his sense of smell to
reliably detect the challenged agent. A properly designed fit test requires test subjects to
pass an odor threshold screening test before the fit test. This is necessary to determine
whether the test subject will be able to detect the test agent.
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Commonly used qualitative fit test agents approved by the OSHA (1910.134 App A) are:
1. Isoamyl acetate – This method requires the subjects to be able to detect a bananalike smell while wearing respirators
2. Saccharin – Saccharin is also employed as a test agent. The test subjects must be
able to correctly detect the sweet taste of saccharin.
3. Bitrex – Bitrex which produces a bitter taste is also accepted by the OSHA for
QLFT. A subject can be fit tested if he is able to detect the bitter taste of Bitrex.
4. Irritant Smoke – This method depends on the ability of the test subject to react to
irritant smoke.
A Qualitative fit test differs from a Quantitative fit test in several ways. The QLFT test
does not measure the quantity of air that leaks into the respirator but only identify nonfitted respirators based on the wearer’s ability to smell, taste, or react to irritant smoke.

2.6.2 Quantitative Fit-test (QNFT) Method
The quantitative fit test method is used to quantitively express the fit of any type of tightfitting respirator. As specified by the OSHA in Title 29 CFR 1910.134, a fit test must be
conducted with a pass mark obtained before any employees can be allowed to wear filtering
face respirators (FFRs), elastomeric respirators, tight-fitting powered air-purifying
respirators, supplied air purifying respirators (SAR), or self-contained breathing apparatus
(SCBA). A fit test determined by the quantitative method provides an objective measure
of the respirator’s fit, estimating the fit factor by measuring facepiece-to-faceseal leakage
during standard OSHA protocol or CNP Redon protocol as specified in ANSI and OSHA
(Clayton and Vaughan, 2005; Spies, Wilson and Ferrie, 2011). The two instruments that
are commonly used for determining QNFT fit factors are condensation nuclei counter (TSI
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PortaCount® ) which depends on an ambient aerosol and a controlled negative pressure
(OHD Quantifit) instrument which utilizes a negative pressure method. A properly
conducted fit test can eliminate inadequate fit and reduce discomfort. Although, a respirator
fit test does not predict the level of effectiveness of a respirator (Fennelly, 1997), a good
fit factor generally results in the wearer’s protection (Coffey et al., 2004), however, a
properly conducted fit test with a good fit factor does not guarantee the wearer’s protection
every time an employee wears a respirator, and a poorly conducted fit test would lead to a
worker’s exposure to contaminants (Clayton and Vaughan, 2005).

2.7 Methods of Quantitative Fit Test
There are three methods approved by the OSHA to perform quantitative fit tests. These
are:
1. Generated aerosol quantitative fit testing.
2. Condensation nuclei counter (CNC) quantitative fit testing; and
3. Controlled negative pressure (CNP) quantitative fit testing

2.7.1 Generated Aerosol Quantitative Fit Testing
The generated aerosol quantitative fit testing method involves the generation and
dispersion of non-hazardous aerosols such as corn oil polyethylene glycol (PEG) 400, di2-ethyl hexyl sebacate (DEHS), or NaCl, into a booth or chamber that is large enough to
contain the test subjects (1910.134 Appendix A). A study conducted by Coffey et al.,
(1998) compared five fit test methods for N95 respirators. A Dynatech aerosol generator
(Model 260) was used to generate aerosol while a light-scattering photometer capable of
determining fit factors to approximately 100,000 was employed for the sampling. This type
of generated aerosol method was used because of the difficulty of adapting other methods
to perform fit tests with filtering facepiece respirators.
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2.7.2 Condensation Nuclei Counter (CNC) Fit Testing
The CNC fit test method determines the fit factor by measuring and calculating the ratio of
the concentration of the measured particles outside the respirator (Cout) to the concentration
of the measured particles inside the respirator (Cin). (Fit factor = Cout/ Cin) According to
ANSI Z88.2, a fit factor is defined as the numeric value that indicates how well a tightfitting respirator fits a wearer during a fit test. It is used to determine whether the respirator
satisfies the minimum requirements for ‘acceptable fit’.
The CNC instrument calculates the overall fit factor using the following equation:
Overall CNC Fit Factor =

7
1
1
1
1
FF1 + FF2 + FF3 + ⋯ FFn

Where:
FF1 = Quantitative fit factor for exercise 1 of the fit test
FF2 = Quantitative fit factor for exercise 2 of the fit test
FFn = Quantitative fit factor for nth exercise of the fit test

2.7.2.1 Modified CNC Protocol for EHR and EFR Respirators
A modified CNC protocol for half-face (EHR) and full-facepiece (EFR) elastomeric
respirators is one of the two new CNC protocols recently approved by the OSHA for
conducting quantitative fit tests. This new protocol has not invalidated the older ambient
air condensation nuclei counter (CNC) QNFT protocol. However, it does provide an
alternative to the existing protocols. The earlier (original) CNC fit test protocol for EHR
and EFR required employees to perform the following 8 fit test exercises in the following
order: (1.) normal breathing, (2.) deep breathing, (3.) turning head side-to-side, (4.)
moving head up-and-down, (5.) talking loudly, (6.) grimace/smiling, (7.) bending over,
and (8.) normal breathing while conducting the QNFT. The modified protocol for EHR and
EFR requires employees to conduct only three of the exercises listed in the - original CNC
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protocol above. The modified CNC protocol includes jogging as an additional new
exercise. The modified CNC protocol for EHR and EFR consists of (1.) bending over, (2.)
jogging, (3.) turning head side-to-side, and (4.) moving head up-and-down in the listed
order. Changes were also made to the test duration by reducing the total time needed to
complete the test from 7.25 to 2.5 minutes. The new CNC protocol, which is about 4.75
minutes faster, does not invalidate the original CNC protocol. (OSHA, 2019)

2.7.2.2 Modified CNC Protocol for Filtering Facepiece Respirators
The modified CNC for FFR consists of four exercises in the following order (1.) bending
over, (2.) talking, (3.) moving head side-to-side, and (4.) moving head up-and-down. Thus,
both the modified CNC protocol for FFR and the modified CNC protocol for both EHR
and EFR consist of four exercises each. However, these two protocols differ in that: (1.)
all four exercises for the modified CNC protocol for FFR are from the original CNC
protocol, (2.) three of the four exercises are the same for both protocols except exercise
number two, (3.) jogging was added to the modified CNC protocol for EHR and EFR, and
(4.) the second exercise in the modified CNC protocol for FFR is talking.

2.7.3 Controlled Negative Pressure (CNP) Fit Factor
The controlled negative pressure procedure for measuring facepiece leakage and
calculating the overall fit factor during each QNFT includes 3 fit exercises (facing forward,
bending over, and head shaking) followed by two donning (REDON-1 and REDON-2).
The CNP fit test system does not use a filter during fit testing. The CNP fit test manifolds
replace the combination of filter/cartridge and adapter for the CNC respirator fit test
system (Crutchfield and Park, 1997). The test subject must hold their breath for eight
seconds while performing each of the fit test exercises.
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The CNP fit test system’s quantitative fit factor is expressed as the ratio of the modeled
breathing rate to the measured leak rate.

A subject’s breathing rates are not constant while workloads vary (Anderson et al., 2006)
but the CNP possesses the ability to change the modeled breathing rate (MBR) in order to
challenge and test the mask under varying load conditions, enabling the calculation of fit
factors (OHD, 2013).
Table 2. 1: Difference between CNC and CNP
CNC System
Can be used to fit test all tight-fitting respirators
Requires respirators to be challenged with
particles
Original CNC protocol accomplishes test with 8fit test exercises
FF determined by the ratio of outside-inside
concentration of challenge aerosol
Appropriate filters with a CNC adapter are
required
Respirator can be probed in the absence of
adapters
Subjects need to wait 45-60 minutes after smoking
before the test

CNP System
Cannot be used to fit test FFR
Uses air as challenge agent
Uses 5-step REDON protocol
Estimates FF by measuring face-to-face seal
leakage
Fit test with CNP does not require filter; only
corresponding CNP adapters are required.
Respirator cannot be used to conduct test without
adapters
Smoking doesn’t interfere with fit measurement

2.8 Assigned Protection Factors (APFs)
Assigned protection factors describe the performance of a class of respirators represented
in a numerical unitless value. According to Title 29, Code of Federal Regulations,
1910.134, it describes the expected minimum level of protection that a class of respirator
is required to provide to wearers when the employer consistently implements an effective
respiratory protection program. The APF of a selected respirator must be at least equal to
or higher than the hazard ratio.
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An APF of 10 indicates that no more than one-tenth of the concentration of the airborne
contaminants can leak into the respirator cavity when an effective respiratory protection
(RPP) is implemented. A respirator should be selected which has an APF that is equal to
or greater than the hazard ratio (exposures <APF x OEL). For example, a full-facepiece
APR and a half mask PAPR with an assigned protection factor (APF) of 50 will reduce the
wearer’s exposure to inhalable hazards by 98% (i.e. to 2% [(1/APF) x 100% = 2%]) of
what they would have been exposed to without using any respiratory protective devices
(Lenhart et al., 2004). The Occupational Safety and Health Administration (OSHA)
assigned these values after considering a series of tests conducted by the National Institute
of Occupational Safety and Health (NIOSH). The NIOSH reviewed the available literature
with an analysis by various experts in the field of respiratory protection and conducted
these tests on respirator fit, filter or cartridge efficiency, breathing resistance, and valve
leakage of various classes of respirators. These values were also based on a quantitative
analysis of carefully designed and executed workplace protection factors (WPFs) and
simulated workplace protection factors (SWPFs) (Colton, 2014).

2.7.6 Respirator Selection Criteria
Several brands and models of NIOSH-approved respirators are available commercially.
Careful selection from among these respirators must be made in order to protect workers
when their work environments or activities can produce inhalable hazardous contaminants.
Knowledge of these respirators’ characteristics, including their respective advantages and
disadvantages, will be helpful in selecting the appropriate respirator for specific
assignments. According to Mayer and Korhonen, (1999), the improper selection of a
respirator can result in the inadequate protection of employees from inhalable harmful
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contaminants. In order to choose the appropriate respirator, the OSHA (2002) recommends
recognizing and determining both the type and concentration of airborne contaminants.
The OSHA also recommends considering the various aspects of user factors that may alter
the effectiveness and level of protection provided by the respirator. Several other
researchers have also encouraged the consideration of other important factors when
selecting a respirator. These factors include: the comfort of the wearers, facepiece fit, and
the temperature of the environments. Abeysekera and Shahnavaz, (1987) argue that, some
of these factors are interrelated. For example, the comfort of a respirator depends on the
nature of the tasks, the period of use, and the temperature of the environments. Obtaining
information about different types of respirators is important because they vary in their
capability to provide protection and comfort to users (Lenhart et al., 2004; Abeysekera and
Shahnavaz, 1987). Some studies have also demonstrated that the characteristics of the
wearer, such as gender and face anthropometry, may have a significant effect on respirator
fit. A study conducted by Zhuang, Coffey and Ann (2005), ascertained the effects of both
respirator features and the subjects’ gender and facial anthropometry dimensions. This
study showed that the facial anthropometric dimensions for males and females between the
age groups of 18-29 and those above 45, differed significantly. The facial anthropometry
dimensions between these age groups also differed significantly between different ethnic
and racial groups. Other work by Oestenstad, Elliott and Beasley, (2007) examined the
effect of gender and respirator brand on the respirator fit. The results of the study indicated
that respirator fit between males and females did not differ significantly. However, the
study demonstrated a significant difference among various respirator brands. These
findings can be useful for health and safety professionals who are carefully selecting the
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right respirators for employees to use for performing particular tasks at their respective
companies. These findings can also provide guidance that can be used by design teams in
their attempts to come up with better designs that improve the fit of respirators among the
teeming population of workers that utilize them.

2.7.7 Facepiece Leakage
With reference to respiratory protection, faceseal leakage refers to the penetration of the
aerosol into the respirator through the leak points at the boundary between the facepiece
and face (Nicas, 1995; Shaffer and Rengasamy, 2009). Faceseal leakage is one of the major
factors identified and emphasized by several authors as the main reason for significantly
low respiratory protection (Han and Lee, 2005; Nelson and Colton, 2000); (Burgess and
Mashingaidze, 1999); (Oestenstad et al. 1990), (Chen and Willeke, 1992). Oestenstad et
al. (1990) reported that the faceseal leak sites may not be limited to one. The degree of
respiratory protection decreases with any increase in faceseal leak.
Wearers’ facial dimensions affect facepiece-to-face seal (Lee etal., 2005). This alters the
protection provided by respirators (Liu etal., 1993). Quantitave fit tests must be conducted
in order to assess the fit of a respirator on an individual. In order to achieve a good fit and
prevent faceseal leakage in a tight-fitting respirator, the test subject must be clean shaven,
the straps must be adjusted to provide equal tension, and a seal check must be performed.
The volume of either the air leak or the aerosol penetration into the respirator affects the
results of the quantitative fit test. If the fit tester detects an inadequate fit, the necessary
adjustment or replacement of the respirator can be easily made. After these adjustments or
replacements, the subject will be re-tested. The purpose of the fit test is not only limited to
detecting an inadequate fit, it is also conducted in order to ensure workers’ protection and
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to provide effective training that will improve facepiece-to-faceseal (Burgess and
Mashingaidze, 1999). The effect of breathing resistance on facepiece leakage was studied
by Nelson and Colton, (2000). The authors simulated a range of breathing resistances by
using a CNP method to determine how breathing resistance affected faceseal leakage. It
found that a 14mm increase in filter loading could increase the initial respirator penetration
of 2.5% to 10%, or by a factor of 4. Some of the factors that affect breathing resistance
include aerosol loading characteristics, aerosol concentration, and work rate. Some studies
have been conducted to identify facepiece leak locations (Oestenstad and Bartolucci, 2010;
Crutchfield and Park, 1997). According to Liu etal. (1993), respirator leakage mostly
occurs in the region of the nose and chin. In a study conducted by Lei et al., (2012), utilizing
a simulation approach, 40% of the leaks in FFR were found to occur around the nose and
26% occurred at the right and left cheeks combined. A study conducted by He et al. (2013)
used combustion aerosols to challenge half-face masks equipped with P-100 filters. The
study confirmed the findings of (Lei et al., 2012), and showed that major leakage occurred
in the nose area.

2.7.8 Total Inward Leakage (TIL)
Total inward leakage refers to the combination of leakages between the face and facepiece,
filter penetration, and leakage from the exhalation valve (Rengasamy and Eimer, 2012;
Baugh, 2015; Rengasamy et al., 2018). Because respirators have been subjected to a series
of tests in the laboratory prior to NIOSH approval and are dependent on the individual
wearer, there is no TIL requirement in the NIOSH certification (Baugh, 2015). In Europe,
the measurement of total inward leakage (TIL) is one of the requirements for the European
Committee for Standardization (CEN) certification (Clayton and Vaughan, 2005). If there
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is no leakage via the exhalation valve and filter material, the total inward leakage is
assumed to be the penetration from RPD-face interface. (Han, Willeke and Colton, 1997).
In a comparison study conducted by (Rengasamy et al., 2018) of the total inward leakage,
using two different challenge aerosols (NaCl and corn oil) the results indicated that
different particle size distributions between the two different challenge aerosols with
different characteristics may produce different total inward leakages (TIL).

2.8 Environmental Factors
The selection of respirators is based on the airborne contaminants present in the workplace
and a review of the assigned protection factors (APFs) for the various classes and
categories of respirators (Reed et al., 1987). Moyer (1983) suggesting that environmental
conditions, such as temperature, relative humidity, and contaminant composition and
concentration, should be carefully considered when selecting an appropriate APR
respirator cartridge. A study by Cherrie et al., (2018), also showed the effects of in-mask
temperature and humidity on the wearing time of respirators. It found that humidity
affected the wearing time of the respirator more than temperature. These environmental
factors can compromise the protection provided by the respiratory protective devices by
causing the wearers to remove or adjust the respirators in response to these environmental
factors. Unfavorable environmental conditions may reduce the utilization of respiratory
protective devices and increase exposure to airborne contaminants during heavy labor that
produces sweating. Elastomeric half facepiece masks have the same Assigned Protection
Factor (APR) as FFRs of the same filter type. However, they appear to offer more
protection than disposable FFRs (Clever et al., 2018). Elastomeric half facepiece masks
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may present more of a psychological burden than FFRs because of their weight and
impermeability to heat and humidity.
A study by Jones (1991) showed that the temperature inside the respirator is always greater
than the temperature outside the respirator. Discomfort related to temperature and humidity
have become important considerations during the use of respirators (Kaywhite, Hodous
and Vercruyssen, 1991; James, Dukes-Dobos and Smith, 1984; Coffey, Campbell and
Myers, 1999). This discomfort may become intensified during prolonged use when the
temperature and humidity of the environment rise.
Relative humidity (RH) plays an important role in the structural changes of hygroscopic
particles (Montgomery et al., 2015). Due to its hygroscopic nature, Sodium chloride (NaCl)
experiences some morphology changes because of its ability to absorb water from its
surroundings. An increase in the size of hygroscopic substances tends to decrease their
penetration through the filter (Hinds, 1999). The size of the particle also influences its
deposition into the lung (Labiris and Dolovich, 2003).
Separate studies conducted by Miguel (2003) and (Gupta et al., 1993) used sodium chloride
(NaCl) and aluminum oxide (Al2O3) aerosols. These studies discovered that the
permeability of particles through HEPA filters was affected by mass loading in addition to
the aerosol particle size. These studies also found that the particles’ permeability was also
affected by the particles’ hygroscopic properties and the relative humidity of the
environment. These studies showed that the penetration of the particles into the filter and
the permeability of the filter increased with the RH for non-hygroscopic aerosols. The
hygroscopic particles experienced morphological changes with an increase in RH
(Montgomery et al., 2015). As the HEPA filter removed particles, the deterioration of the
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filter set in, as a result of a pressure drop (filter resistance) caused by a build-up of
particulate cake across the surface of the filter. As the build-up of particulate cake
increased, the flow rate through the filter decreased (Gupta et al., 1993).

Chapter 3
3. MATERIALS AND METHOD (MANNEQUIN TEST)
3.1 Introduction
Mannequin-based studies have been conducted by several researchers to determine
respirator performance (Balazy et al. 2005; Bergman et al. 2017; Johnson et al. 1994; He
et al. 2013; Penconek et al. 2012). Balazy et al. reported that the results of laboratory-based
(using a mannequin) and field-based (using human subjects) studies showed equivalent
results in terms of the respirators’ performance, indicating that the laboratory-based study
could replace the field study (Balazy et al. 2005).
The Mannequin study was designed to compare FFs obtained from human subjects with
simulated mannequin fit factors using both QNFT methods in both ambient and
controlled environmental conditions. The aerosol-based condensational nuclei counter
method (CNC) and the controlled negative (CNP) method used in this comparison study
utilized different mechanisms to determine fit factors. The CNC is a common aerosol fit
test system and can be used for the fit testing of all classifications of respirators. The
CNP fit test system is only suitable to test elastomeric half and full facepiece respirators
because of the model-specific adapters that must be attached to a respirator for fit testing.
The selection of materials and test methods was based on guidance from the OSHA, ANSI
and ISO (OSHA 29CFR 1910.134; ANSI Z88.10-2010; and ISO 16900–1:2014).

3.2 Materials and Equipment
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The materials and instruments used for the half facepiece and full facepiece fit testing on
the mannequin and human subjects are OSHA approved and were used in accordance with
manufacturers’ recommendations. The materials and equipment used are listed below:
•

Respirators –Elastomeric half facepiece and full facepiece (8 models; see Table
3.5 for the list of the respirator models)

•

A mannequin not equipped with a breathing machine

•

TSI particle generator (Model 8026)

•

P100 filters for each of the models of respirators used (Figure 3.9)

•

Isopropyl Alcohol

•

CNP Fit test adapters (see Figure 3.7)

•

Controlled Negative Pressure fit test unit (OHD Quantifit instrument)

•

Ambient Aerosol Condensation Nuclei Counter (TSI PortaCount® pro+8038
instrument)

•

CNC fit test adapters for each of the models of respirator used

•

Sodium Chloride (NaCl)

•

TSI NanoScan Particle Sizer

•

Model 1101 Breathing Simulator

•

Simulated lung breathing bag

3.2.1 Controlled Negative Pressure Fit Test Unit
The controlled negative pressure fit test unit (OHD Quantifit) utilizes controlled negative
pressure technology to quantify face seal leakage into the respirator to determine the
wearer/respirator FF. The CNC testing methodology determines the wearer/respirator FF
by measuring the concentration of particles outside the respirator as compared to the
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concentration of particles inside the respirator resulting from face seal leakage. The CNP
fit test method requires the use of specially designed fit test adapters that are unique for
each respirator model.
The CNC test method requires respirators, to be equipped with P100 or equivalent
filters. To determine the wearer/respirator FF, the in-facepiece concentration is sampled
through a port placed in the face piece or by using a special inhalation valve adapter that is
unique to each respirator model.
The CNP fit test protocol requires the wearer to perform five tasks during the fit
test. This is known as the “Redon protocol”. The approved OSHA Redon protocol requires
the fit to be measured against a challenge pressure of 0.58 in H20 and a modeled breathing
rate of 53.8 l/min (1910.134 App. A). During the fit test, the CNP method measures the
face seal leak rate in units of cubic centimeter per min (cc/min). The five steps in the Redon
protocol are as follows:
1. Face forward;
2. Bend over;
3. Shake head;
4. 1st redon of the respirator;
5. 2nd redon of the respirator.
To complete each quantitative fit test, the Redon protocol requires the respirator to be
donned three times. During the CNP fit test, the subject holds their breath for 8 seconds
while performing each of the five tasks required to complete a test. The test subject is
required to press and hold a “trigger”, that closes the adapter valve that provides an airtight seal of the respirator inlet valve(s). Air is then drawn from the respirator cavity until
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the pressure in the cavity reaches the challenge pressure. Thus, a controlled negative
pressure or a sort of vacuum is created and maintained inside the respirator until the test is
completed after 8 seconds. Since the inlet valve is sealed, any air leakage at this point is
through the face seal. The exact volume of air removed from the facepiece after attaining
the challenge pressure is measured. This air volume is used to calculate the face seal leak
rate expressed in cubic centimeters per minute (cc/minute). The leak rate and the fit factor
variables are inversely related. A lower face seal leak rate produces a higher fit factor. The
respirator fit factor (FF) measured by the CNP method is calculated from the following
equation (Ohdusa.com, 2013):

ANSI Z88.10 (2001)- respirator fit testing methods, expressed CNP Fit Factor as:

The CNP Fit Factor can also be described as a quantitative estimate of the ratio of the total
inhaled air to the contaminated air inhaled (OHD, 2013)
OHD, the Quantifit manufacturer recommends that ‘Redon Protocol’ be adhered to while
fit testing APRs with the Quantifit. The Military (MIL) protocol that is used in military
application has a higher challenge pressure than the non-military redon protocol because
in the military the mask stress is higher and greater protection is required. Self-Contained
Breathing Apparatus (SCBA) and Chemical, Biological, Radiological, and Nuclear
(CBRN) protocols like the Military protocol are like the redon protocol except that the
challenge pressure is higher (Table 3.1). The higher challenge pressure assumes that the
wearer will experience more stress which will lead to a higher breathing rate. Hence, the
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protocols (SCBA and CBRN) are used to fit test subjects to be sure that the mask will be
able to provide the extraordinary protection required in life threatening situations (OHD,
2013). The Canadian Standards Association, CSA SCBA is identical to the US SCBA but
the CSA Z94.4-02 requires higher minimum fit factors. A minimum fit factor of 1000 is
required for the CSA SCBA compared to the 500 required by the US SCBA. The modeled
breathing rate or user’s minute volume rate represents the quantity of air that would be
inhaled per minute by an individual wearing a respirator (Janssen and Weber, 2005).
Table 3. 1: CNP protocols with Pre-determined challenge pressure and Modeled
Inspiratory Rate
Protocol

Challenge Pressure

Modeled Breathing Rate (cc/min.)

Redon

0.58 H20

53800

Military

1.0 H20

55800

SCBA

1.50 H20

93100

CBRN

1.50 H20

93100

1

1.50 H20

93100

CSA SCBA

Adapted from (OHD, 2013)

1

Canadian Standards Association, CSA Z94.4-02
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Figure 3. 1:The normal and inconsistent fit test graph of fit test with CNP
The CNP instrument measures the respirator leakage when the pressure in the respirator is
attained and maintained at the challenge pressure. When the challenge pressure reaches
0.58 in H20, the CNP instrument displays a straight-line graph until the test is completed
if the test quality is good and consistent. A fluctuating graph means that the test quality is
poor and inconsistent (Figure 3.1)

3.2.1.1 Principle of Operation of OHD Quantifit Instrument
In preparation to conduct a fit test with CNP device, the test adapters must be connected to
the respirator to replace the facepiece’s filter. The dual clear blue tubes are connected to
the adapters. It also necessary to prop open or remove the inhalation valve to draw out air
from the mask.
As shown in Figure 3.2, when the trigger button is pressed by the subject, the valve
pump sends pressure through the blue tube to close the adapter breathing port, which
creates an air-tight seal within the mask. The piston moves to expel air from the mask
via one of the clear tubes until the negative pressure in the mask reaches the challenge
pressure. Thus, a controlled negative pressure or a sort of vacuum is created and maintained
inside the respirator until the test is completed after 8 seconds. Since the inlet (breathing
port) is already closed, any air that leaks into the respirator thereafter is from the gap
between the face and the facepiece. The sensor in the Quantifit measures the quantity of
the face-to-facepiece leakage through the other clear tube and this is used to calculate the
leak rate in cc/min. The air expelled from the respirator is removed from the system via
the exhaust port at the back of the Quantifit.
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The fit factor is then calculated as the ratio of the modeled breathing rate (MBR) to the
measured leak rate (LR) (OHD, 2013; English, 2019)

Figure 3. 2: Principle of Operation of Quantifit Instrument (OHD, 2013)

3.2.2 Condensation Nuclei Counter
The condensation nuclei counter (CNC) used in this study was the PortaCount® ® Pro+
fit tester 8038 (TSI, Inc., Shoreview, MN). CNC is a quantitative fit testing device that can
be used to conduct a quantitative fit test (QNFT) with any respirator brands and models
including disposable filtering facepiece respirators, non-powered half-face piece and full-
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facepiece, powered air-purifying respirators (PAPR), and self-contained breathing
apparatus (SCBA). CNC uses ambient particles as the challenge agent and calculates the
fit factor by dividing the number of particles outside with the number of particles inside
the respirator. This device has been demonstrated to be capable of measuring the particles
that penetrate respirators through faceseal leakage and filters. (Coffey, Campbell and
Zhuang, 1999). The PortaCount® ® Pro instrument pack contains other items like zero
check filter that was used during daily calibration and twin tubes (clear and blue) used for
sampling.
The twin sampling tube assembly was used during the process of performing fit test. The
clear tube marked “sample” which measures the concentration of the particles inside the
mask was attached to the PortaCount® ® Pro sample inlet port (color silver) and the probe
made on the respirator while the blue tube marked “ambient” was attached to the ambient
port (color blue) on the respirator (Figure 3.3). Both the sampling and ambient tubes
remained unsplit and unlengthened throughout the quantitative fit testing. The sampling
tube is a bit longer (about 7inches) than the ambient tube about (5.5 inches). The instrument
has a touch screen and a stylus that provide interface for easy operation. The PortaCount®
® Pro fit tester displays ambient and mask concentrations when it is being used and finally
displays the overall measured fit factors on the screen.
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Figure 3. 3: PortaCount® Pro + 8038 (TSI, 2015)

Because TSI PortaCount® ® Pro and OHD Quantifit are different piece of fit testers that
use different methods to provide the numerical values of respirator fit; it should not be
surprising that there are some disparities in their measured fit factors (Crutchfield, Murphy
and Ert, 1993; Crutchfield et al., 1995). Even for two systems that are aerosol-based, their
estimation of the level protection provided by respirators may differ (Biermann et al.,
1991). The PortaCount® ® Pro instrument is a condensational particle counter (CPC)
commonly referred to as a condensation nuclei counter (CNC). It is sensitive enough to
detect particles as small as 15nm (0.015 microns) in diameter (TSI, 2015).

3.2.2.1 Principle of Operation of TSI PortaCount®
As an aerosol-based system, the PortaCount® ® Pro device contains a diaphragm vacuum
pump working at 1.0 liters/minute. The diaphragm vacuum pump works by drawing
aerosol into the instrument through the PortaCount® ® Pro ambient port or the sample
port. A valve inside the PortaCount® ® Pro automatically switches between the tube to
determine which port to use. The flow splits at the saturator end cap by the outlet of a
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switching valve. As the flow enters the saturator, it flows through the condenser, nozzle,
and sensing volume. At a flow rate of 0.35 liters/minute, the flow enters the saturator and
passes through the condenser, nozzle, and sensing volume. The rest of the flow recombines
and flows down the stream of the sensing volume. The aerosols pass through the saturator
that is soaked with alcohol wick and become saturated with alcohol vapor and enters the
condenser. The condensation of the alcohol vapor causes the submicron particles to grow
to alcohol droplets. The number of electrical pulses generated by the photodetector as the
droplet passes through it is used along with the flow rate and time period, to determine the
concentration of the particle (TSI 2015) (Figure 3.4). Table 3.2 shows the linear schematic
depicting sequence of events before in-face sampling with CNC. All the twelve steps in
the table are necessary for human subject’s test. The mannequin test also requires all the
steps in the order shown in the table except step 9 (user seal check).
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Figure 3. 4: Principle of Operation of PortaCount® (TSI, 2015)

44

Table 3. 2: A Linear Schematic Depicting Sequence of Events Before In-face Sampling
with CNC
Activity #

Activity

1. PortaCount® Pro+ fit tester was set up on the table

Duration
(Min)
3

2. Particle generator model 8026 was set on the table with the water reservoir
jar maintained at fill line
3. Salt tablets were added and dissolved in water and the generator was run in
the test room for about 5 minutes before the test began

2

4. Daily Calibration performed on the PortaCount® to ensure it was working
properly

4

5. Respirator was examined for leakage

2

6. Fit test adapters were attached to the respirator

1

7. Filters were attached to the respirator

1

8. Subject donned the respirator and made necessary adjustment

2

9. User seal check performed to ensure no leakage from gap between face
and respirator

3

10. Data Entry -Subject ID, Mask Size/style

1

11. Required parameters such as mask model, style, size and the name of the
operator name were specified

2

12. Sampling and ambient tube were connected

1

6
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3.3 Other Materials
3.3.1 Eight Models of Elastomeric Air Purifying Respirator
Eight different models of NIOSH-certified elastomeric APR (Four half-mask and four fullfacepiece) equipped with approved P-designated replaceable filters and fit test adapters
were used in this study (Table 3.3, Figures 3.5 and 3.7). These respirators are commercially
available and widely used in the United States. It was anticipated that these types would
generate fit test results that would be reliable to compare the fit test instruments. Typically,
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a full-face respirator covers the face of a wearer including nose, mouth, and eyes and a
half-mask covers only the nose and mouth. The built-in exhalation valve helps the wearer
to exhale but restrict the inward penetration of contaminants. All the models were certified
under 42 CFR 84 and available under NIOSH-Certified Equipment List (CEL). All the
respirator models selected have headstraps that allow for adjustability in order to achieve
a good fit. The straps are biaxially stretchable elastic materials that can be adjusted on the
top and back of the head. A study conducted by Vo et al., (2015), shows that N95
elastomeric half-face respirators performed better than N95 FFR; they reported that
adjustable head strap could be part of the reasons for the better performance of N95 EHR.
Other common components to all the selected half-face and full-face respirators are
inhalation valve, exhalation valve and gasket. Only the full-face respirators have the inner
mask and face shield (visor). All respirators used in this study require either dual cartridges
or twin filters.
Table 3. 3: List of respirators used for the study
Manufacturer Facepiece Model

Style

Device type

Filter/ Cartridge

3M
3M
North
North
MSA
MSA
Moldex
Moldex

Half-face
Full-face
Half-face
Full-face
Half-face
Full-face
Half-face
Full-face

P100 elastomeric
P100 elastomeric
P100 elastomeric
P100 elastomeric
P100 elastomeric
P100 elastomeric
P100 elastomeric
P100 elastomeric

3M #2091 P100
3M #2091 P100
7580 P100
7581 P100
P100 (815369)
P100 (815369)
P100 (7990)
P100 (7990)

3M 6200/07025
6800
5580
5400
MSA Adv 200 (815444)
3200 (3000 Series)
7002 (7000 Series)
9002 (9000 Series)
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Figure 3. 5: Respirators used for the study

3.3.2 Mannequin
A mannequin headform was used to conduct the test that was then compared to human
subjects’ test. This mannequin is a conventional rigid-body mannequin that does not exhibit
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a natural or life-like appearance capable of simulating the human body nor can it respond
to donning training like a worker would (Figure 3.6). In this study, the test conditions for
the mannequin-based study were the same as those of the human subject study. The human
body generally reacts physiologically to environmental conditions such as temperature and
humidity (Gagge, Stolwijk and Hardy, 1967; Gagge, Stolwijk, and Nishi,1971) but the
mannequin used in this study cannot respond to environmental hazards. As a result, not
much break or resting time was required during mannequin data collections. As a result,
the data collection duration for the mannequin study was relatively shorter compared to the
human subject study in each specific test condition.

Figure 3. 6: Mannequin Headform

3.3.3 Challenge Aerosol (Non-toxic NaCl Salt)
Various challenge agents such as hexafluoride gas (SF6), corn oil, and non-toxic sodium
chloride (NaCl) have been used to generate particles for testing fit testing respirators as
recommended by the (ISO), International Organization for Standardization (ISO 16900–
1:2014). In this study, NaCl was used as a test agent for the particle generator (Model 8026,
TSI Inc.) throughout the entire study because the concentration of ambient particles in the
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test environment was found to be insufficient to conduct the fit test with CNC. A tablet
containing 100mg of NaCl salt (part# 803011) was dropped in the reservoir of distilled
water and allowed to dissolve. The NaCl aerosols were generated during the test to
supplement the ambient air particle concentration.

3.3.4 Fit Test Adapters
A fit test adapter is one of the required materials to perform a quantitative fit test unless
the testing respirator is probed. The use of adapters provides some advantage over the
probed respirator because the wearers can be tested with the respirator they are going to
use in the field. Probed locations have been identified as one of the reasons that may cause
the variability of the quantitative fit factors (Myers et al., 1988). A respirator that has been
probed to conduct fit testing cannot be used at the workplace to protect a worker against
inhalation hazards.
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Figure 3. 7: CNC and CNP Fit Test Adapters used for the Study

3.3.5 Particle Generator
The Particle generator (model #8026, TSI Inc.), shown in Figure 3.8 was used to produce
challenge aerosol for the mannequin and human subject fit tests. The PortaCount® ® Pro
instrument always aborts the tests if the concentration of particles is low. The Model 8026
particle generator was used in this study to generate challenge aerosol to supplement the
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low concentration in the air. Dissolving a non-toxic NaCl tablet in the particle generator
reservoir produces and dispenses aerosolized salt in the test room.

Figure 3. 8: TSI Particle generator Model 8026

3.3.6 P100 Filters
Four pairs of P100 filters were used throughout the study. Each pair was used for the
corresponding respirators. Figure 3.9 shows the North, 3M, MSA and Moldex filters used
for the study. The P100 filter has the highest filtration efficiency (> 99.97%) or the lowest
penetration at 0.03µm MMAD.

Figure 3. 9: P100 Filters used for the study
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3.3.7 NanoScan SMPS (TSI 3910)
The TSI NanoScan instrument is capable of measuring a nanoparticle size within the range
10 to 420nm. The four main internal components of Scanning Mobility Particle Sizing
(SMPS) are as follows: 1) The cyclone, 2) the unipolar charger, 3) the radial DMA (rDMA),
and 4) the isopropanol CPC (Tritscher et al., 2013). The NanoScan SMPS exterior is shown
in Figure 3.10. The instrument monitors by counting, displaying and storing the
concentration of the aerosol within the specified particle range of 60 seconds.

Color Touchscreen Display

Alcohol Cartridge

Figure 3. 10: NanoScan SMPS (TSI 3910)

3.3.8 Model 1101 Breathing Simulator
The breathing simulator (Series 1101, Hans Rudolph, USA) shown in Figure 3.11 is a
tabletop device designed for the purpose of evaluating and developing respiratory
protection products. The Servomotor controlled bellow, which is used for simulating a
lung, is an important part of the hardware. The breathing simulator also consists of a single
mother board and sensor for measuring signals. The memory chip inserted in the unit stored
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the software. The connection in the front allows a patient or mannequin to be connected.
A connected external PC keyboard was used to change the lung parameters. When the
motor is put in the run position, it actuates the bellows which produce the flow.

Figure 3. 11: Breathing Simulator (Model 1101)

3.4 Experimental Procedures
3.4.1 Daily Checks of Fit Measurement Instruments
Prior to using either the CNC and CNP devices, daily checks were performed according to
the manufacture’s recommended procedures to verify the precision and accuracy of the
instruments before use.
The daily test status would be displayed as either pass/fail on the screen of the CNC. On a
few occasions, the daily tests failed when something went wrong or when the concentration
of the ambient particles was too low. Each time this happened, the necessary steps were
taken to check the equipment and connection. The daily check was repeated until it was
successful. Figure 3.10 shows a tube and HEPA filter attached to the CNC during a daily
check.
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Figure 3. 12: Zero check filter attached to the CNC

Zero check filter

Daily calibrations of the CNP device were also performed based on the manufacturer’s
recommendation. As shown in Figure 3.13, the dual tubes were connected to the flow and
pressure ports at the front and to the calibration ports at the rear of the instrument. After
connecting the tubes, the unit was run for approximately 1 minute to complete the
calibration.

CNP instrument
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Figure 3. 13: Dual Tube Connection for Equipment Calibration

3.4.2 Test Conditions
Tests were conducted in both ambient and controlled environmental conditions. For the
controlled experimental conditions, the temperature was raised and maintained between
90±2°F and the air was humidified to 51±2% RH. The comfort surveys carried out by
Wijewardane and Jayasinghe (2008) found that factory workers engaging in light duty
could feel reasonably comfortable with temperatures up to 86°F (30 °C) without significant
air movement and up to 93.2°F (34°C) with air velocities as high as 0.6 m/s. The
temperature and humidity were constantly monitored to remain within this range. The tests
were discontinued each time the temperature and humidity exceeded or fell below the
predetermined range. As a result, tests conducted under the environmental conditions took
a longer time than those conducted in ambient air.

3.5 Examination of NaCl Particle Concentration under Different
Environmental Condition
The TSI NanoScan particle sizer 3910 was used in the laboratory to ascertain if different
temperature and RH under which the fit evaluations would be conducted have influence on
the concentration of the NaCl aerosols. Twenty-five tests were conducted in ambient
conditions and another twenty-five tests were conducted in a controlled environmental
condition (90±2F, 51±2% RH) for 13 different sizes of particles ranging from 11.5 to
365.2nm. A test of significance was conducted (Table 3.4) and the average concentration
of the NaCl particles was plotted against the diameter (Figure 3.14). For the particles of
size magnitude between 11.5 to 27.4nm (smaller particles), the concentration of in the
controlled environmental condition was significantly higher than the concentration of the
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particles measured in the ambient condition. There was no significant difference in the
concentration of particles between 27.4 and 36.5nm in the ambient and controlled
environmental conditions. The number concentration of particle sized greater than 36.5nm
was significantly higher in the ambient condition (Figure 3.13). However, the
concentration of the highest particle diameters scanned (between 273.8 and 365.2nm) was
zero in both the ambient laboratory condition and the controlled environmental condition.
The highest concentration of the NaCl particles of magnitude ranging from 64.9 to 115.5nm
was found in the ambient condition. This shows that there is a significant variation in
concentration in the ambient condition as compared to the concentration in the controlled
environmental condition of each specific size of NaCl with the exception of particle sizes
between 27.4 to 36.5nm. The effect of this observed flipped in concentration as a result of
a change in temperature and humidity on the particle penetration into the elastomeric
respirators is not yet known. A comparison study of the fit evaluations conducted in
ambient and controlled environmental conditions is necessary to examine the influence of
change in the environmental factors (temperature and RH) on the quantitative respirator fit
test results.
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Table 3. 4: Table of P-values of the Comparison of Concentration in Ambient vs Controlled
Environmental Conditions
Diameter
(nm)

P-Value @0.05 Amb. vs Env
Sig. Level

11.5
15.4
20.5
27.4
36.5
48.7
64.9
86.6
115.5
154
205.4
273.8
365.2

0.00138
0.00000
0.00000
0.17248
0.29631
0.00000
0.00000
0.00000
0.00000
0.00000
0.00522
0.00000
0.00000

Significant
Significant
Significant
Not Significant
Not Significant
Significant
Significant
Significant
Significant
Significant
Significant
No Value
No Value

NaCl Aerosol Concentration (#/cm3)

NaCl Aerosol Concentration in Ambient and Controlled
50000
Environmental Condition
45000
40000
35000
Mean Dia (Amb)
30000
Mean Dia (ENV)
25000
20000

15000
10000
5000
0

11.5

15.4

20.5

27.4

36.5

48.7

64.9

86.6

115.5

154

205.4 273.8 365.2

NaCl Aerosol Diameter(nm)

Figure 3. 14: NaCl Aerosol Concentration in Ambient and Controlled Environmental
Condition along with measurement variation. The error bars represent the standard
deviation of 25 samples.
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3.6 Mannequin Test (Ambient & Controlled Environmental Condition)
3.6.1 QNFT of Mannequin with CNP Method
In this portion of the study, the Quantifit instrument was used to conduct QNFT on a
mannequin using the CNP REDON protocol. The REDON protocol fit test exercises are
contained in Table 4.3. The OHD Quantifit instrument was set up on a laboratory bench
top for daily calibration. This QNFT of a mannequin using the CNP method, was
comprised of tests conducted in both ambient laboratory conditions and controlled
environmental conditions. To conduct the test in the ambient condition, the eight respirator
models used for this study were randomly selected and mounted on a mannequin placed on
the laboratory benchtop. One of the respirator inhalation valves in the cartridge receptacles
was carefully propped open and a pair of specific test adapters recommended for each
respirator were connected on both sides of the respirator. The two-piece adapters were
connected to the CNP system with tube assembly (Figure 3.16). Unlike the CNC, the QNFT
with Quantifit instrument does not require filters or cartridges. According to OSHA
1910.134 Appendix A, the CNP fit test manifolds replace the filters. The optical sensor
knob was used to select the protocol name and the mask style. The trigger connector was
then inserted into the trigger port. When the test was ready to be performed, the springloaded trigger button was pressed and released after completing the test. The graph for each
test was displayed during the test to show if everything was normal before displaying the
test result. The fit factor for each test exercise was recorded and the overall fit factor for
the mannequin (SMFF) was recorded. The overall SMFF was calculated using individual
SMFFs. Because this study used reusable elastomeric respirators, the respirator was
removed and cleaned after each test in order for it to be used again.
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The test in the controlled environmental condition used the same materials and procedure
used for the test conducted in the ambient condition except that the temperature and relative
humidity of the test room was raised and maintained at 90±2°F and 51±2% RH
respectively. A humidifier was used to raise the relative humidity while a space heater was
used to raise the temperature of the compartment where the test was conducted. The
temperature and RH displayed by the Fisherbrand digital temperature/RH meter were
constantly monitored to ensure that the tests were conducted within the specified condition.
Precautions were taken to ensure that the tightness and the integrity of the respirators and
the tubes were maintained throughout the test.
Table 3.5 shows a linear schematic depicting sequence of events before in-face sampling
with CNC for both subject type (mannequin and human subjects). Step 8 is not possible
during mannequin test.

Figure 3. 15: Single Piece Fit Test Adapter for CNP test (OHD, 2008).

Figure 3. 16: Two Piece Fit Test Adapters for CNP test (OHD 2008).
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Figure 3. 17: Experimental set-up of Mannequin test with CNP
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Table 3. 5: A Linear Schematic Depicting Sequence of Events Before In-face Sampling
with CNP
Event
1. Quantifit fit tester was set up on the table

Duration
(Min)
3

2. The dual tube assembly was connected to the 'Flow' and 'Pressure' Ports
on the front and to the interchangeable ‘Dual Tube Check’ ports on the
back of the Quantifit

1

3. Daily Calibration was performed on Quantifit on each day of testing to
ensure accuracy

3

4. Respirator to be donned was examined for leakage

1

5. Inhalation valve were removed/propped open

1

6. Specific Fit test adapters were attached to the respirator

1

7. Subject donned the respirator and made necessary adjustment after a
successful calibration

2

8. User seal performed to ensure no faceseal leakage

3

9. Necessary test parameters were specified such as mask type and
minimum passing score from the Menu by using the optical sensor knob

1

10. Triple tube assembly and the trigger were connected

1
17

3.6.2 QNFT of Mannequin with CNC
To determine the fit factor on the mannequin with CNC, the same eight reusable
elastomeric respirators tested on the human subjects were mounted on the mannequin
headform. After the mask failed to achieve a satisfactory FFs despite the necessary
adjustments, sealing wax was applied to certain part of the mask. The test adapter and the
filters were carefully connected to the respirator to avoid adapter/facepiece leakage. A pair
of P100 filters were used to test each respirator. The tested half-face and full-face of the
same brand with the exception of Moldex used the same test adapters. The twin sampling
tube assembly was used to conduct the CNC test. The clear tube marked “sample” which
measures the concentration of the NaCl aerosol inside the mask was attached to the CNC
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sample inlet port (color silver) and the other end of the tube was connected to the probe on
the adapter. One end of the blue tube marked “ambient” was attached to the ambient port
on the CNC while the other end was left open to measure the outside concentration of the
NaCl aerosol. Both the sampling and ambient tubes remained unsplit and unlengthened
throughout the quantitative fit testing. The experimental set up of the mannequin test with
CNC in ambient air is shown in Figure 3.18. The mannequin and the particle generator
were positioned inside the chamber while the CNC, the breathing lung and the breathing
simulator were stationed outside the chamber.
The mannequin headform has a cylindrical pipe that run from the mouth and extended
through the back of the mannequin head. This pipe was connected with a hose to the
breathing lung (4-liter bladder) in the air-tight cylinder. Another hose was used to the
connect Hans Rudolph series 1101 breathing simulator to the second port on the air-tight
cylinder that housed the inflatable 4-liter bladder.
The respirators were tested on the mannequin at a breathing frequency (f) of 14 breaths per
minute (bpm) and a tidal volume (VT) of 800mL. This resulted in a minute ventilation (VE)
of 11.2 Lpm which was determined to be the sedentary respiratory flow rate (Adams,
1993). The CNC method was used to determine the simulated mannequin fit factors
(SMFF) under a cyclic breathing condition to simulate a human cyclic breathing pattern.
The controlled environmental test followed the test conducted in the ambient condition
without readjusting or tampering with the fit of the respirator on the mannequin. Before
conducting the test in a controlled environmental condition, a humidifier and a space heater
were positioned in the test chamber to raise the temperature and RH (Figure 3.19). The
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temperature and the RH were maintained within the range 90±2°F and 51±2% RH during
the test.

Figure 3. 18: Schematic of the Experimental Set up for Mannequin Test with CNC
in Laboratory Ambient Condition

Figure 3. 19: Schematic of the Experimental Set up for Mannequin Test with CNC in
Controlled Environmental Condition
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Chapter 4
4. HUMAN SUBJECT TEST MATERIALS AND METHOD
4.1 Introduction
In this portion of the study, the testing conditions and procedures are the same as those
described in the mannequin study (Chapter 3). QNFT were conducted on human subjects
in both ambient and controlled environmental condition.

4.2 Method and Materials
The materials and test conditions for both mannequin and human subjects were essentially the
same.

Table 4. 1: Summary of Human Subject Test Conditions
Test condition

Number of test runs

Total number of test
runs

Condition

Temperature

RH

CNC

CNP

Ambient

69±2°F

< 25%

64

64

128

Environmental

90±2°F

51±2%

64

64

128

128

128

256

Total Test (HFF)

4.3 Human Subjects
This study was approved by the West Virginia University (WVU) Institutional Review
Board (IRB protocol number: 1809291354). In compliance with the WVU Office of
Research Integrity and Compliance, all the human subjects who participated in this study
were fully informed and trained, and consent forms were obtained prior to conducting the
tests.
A total of 8 subjects - 6 African American males, 1 African American female, and 1 Asian
male participated in this study.

It was ensured that the test subjects were healthy

individuals so that wearing respirators in various environmental conditions would not
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predispose them to risks. The subjects were contacted via phone calls and emails, and
preliminary questionnaires were sent to them to seek their consent and for them to declare
that they don’t have acne or facial marks that can affect effective face-to-respirator seal.
All subjects were asked to shave their beard and abstain from cigarette smoking and
drinking alcohol for at least 60 minutes before the fit evaluation. Initially, 10 volunteers
were recruited. During the test period, two volunteers were dropped; one subject decided
not to participate after completing 16 out of 32 required tests and the other subject after
completing 5 tests. Human subjects’ tests were completed within four months (January
2019 – April 2019).

4.3.1 Training of the Test Subjects
The test subjects had no previous experience of wearing respirators, so training was
essential to ensure proper use of RPDs. The OSHA prohibits assigning a respirator to an
employee without proper training on its use. The recommended training by the OSHA
includes donning and doffing the respirator, performing a respirator user’s seal check,
cleaning, and maintaining the respirator and work-specific training (OSHA, 2011). In this
study, the respirator training conducted prior to the QNFT was basically limited to donning
and doffing the respirator and performing a user’s seal check. The training was conducted
with both half-face and full-face respirators. These were done in accordance to the
manufacturer’s instruction and recommendations. A step-by-step demonstration method
was used, and the subjects were instructed to perform the exercises while the study
investigator observed them before the real test began. Any anomalies observed during the
training were pointed out and corrected. The subjects were also instructed on how to hold
their breath to perform the fit test with the CNP. All the QNFT fit test steps demonstrated
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to the subjects were in accordance with the OSHA standard protocol and the CNP
quantitative fit test REDON protocol.

4.3.2 Subjects Facial Anthropometry
The subjects’ face lengths ranged from 112.2mm to 133.2mm (122.7 ± 10.5) and their face
widths ranged from 125.1mm to 151.8mm (138.5 ± 13.4). (Table 4.2). Face length and face
widths have been reported in the literature to have a significant correlation with the fit of
half-face respirators in contrast to the face length and lip length (bicheilion breadth) used
in the LANL fit test panels. It has been shown that face length (Menton-Sellion Length)
and face width (Bizygomatic Breadth) were the two most relevant anthropometric
dimensions that should be the primary consideration when designing both full facepiece
and half-facepiece respirators (Zhuang, Coffey and Ann, 2005). The National Institute of
Occupational Safety and Health (NIOSH) bivariate 10 cells fit test panel which consists of
25 subjects was based on face length and face width. Figure 4.1 shows NIOSH’s bivariate
test panel that was developed from the US workforce anthropometry database. The 10 cells
were classified into small (S), medium (M) and large (L) to accommodate more than 95%
of the civilian working population in the US. (Zhuang, Bradtmiller and Shaffer, 2007).
Table 4. 2: Subjects Facial Anthropometry (Face length and Face width)
Subject ID

Face Length
(mm)

Face Width
(mm)

1
2
3
4
5
6
7
8
13

115.58
113.66
130.05
112.19
121.53
133.22
112.66
114.16
131.33

137.87
141.02
151.16
125.05
142.80
145.72
142.02
151.75
134.26

Cell Category
(NIOSH Bivariate
Panel)
4
4
10
3
4
9
4
5
6

Face Size
Category
M
M
L
S
M
L
M
M
M

Cells 1-3 (Small size), Cells 4-7 (medium size), Cells 8-10 (Large size)
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Subject ID 1-8 (Humans subjects); Subject ID 13 (Mannequin)

Figure 4. 1::NIOSH Bivariate respirator fit test panel which represents >95% US working
population. This replaced LALN and is designed to be used to test both full-face and half
face respirators.
Source: (Zhuang, Bradtmiller and Shaffer, 2007).

Figure 4. 2: Menton-sellion length
(Zhuang, Bradtmiller and Shaffer, 2007).
In order to measure facial dimensions, each subject was asked to stand straight and look
straight ahead with their teeth together while the menton and the sellion were measured
with a digital sliding caliper. For the face width measurement, each subject was asked to
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sit and look ahead with their teeth together while the distance between the right and left
gonion landmarks on the corners of the jaw were measured (Figure 4.3).

Figure 4. 3: Bizygomatic breadth
(Zhuang, Bradtmiller and Shaffer, 2007)

4.4 Human Subject Test
Throughout the study, there was no apparent weight loss for any of the human subjects that
could affect the quantitative fit test results. Based on the facial anthropometric
measurements of the test subjects, five were classified as medium (M), two as large (L)
and one as small (S) based on the NIOSH bivariate panel (Table 4.2).

4.4.1 Human Subjects QNFT with CNP Method
Each subject was fit-tested with the CNP after donning a respirator, randomly selected
using an Excel tool. Unlike the CNC, the CNP does not require filters or cartridges to be
connected to a respirator. Instead, fit test adapters were connected to the respirator; the
adapters are brand specific (Figure 3.7) and easy to connect. This is important to ensure
that the device reaches the challenge pressure of 0.58 in.H2O. If it doesn’t, no fit factor
would be estimated. During the study period, failure to reach the challenge pressure was
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often observed due to excess faceseal leakage, improper connection of the fit test adapters,
or the failure of the subjects to properly hold their breath while the test lasted. The sampling
tubes served as a connection between the CNP and the mask. The tubes were plugged to
the adapters. To ensure an adequate fit could be achieved, the subjects performed a positive
or negative user seal check. After performing the user seal check, the subject started the fit
test. Tests were often aborted because some subjects released the trigger before completing
a test. Failure to hold breath or close the mouth from the beginning to the end of each
exercise also resulted in aborted tests.
The CNP Redon protocol requires a respirator to be donned twice within the test
(specifically for the fourth and the fifth exercises). The fit-test exercises with CNP were
performed according to the 5-step CNP REDON protocol shown in Table 4.3. This table
also shows the time taken for each test exercise and the total time taken to conduct a CNP
test. Where the FF of 100 for the half mask and 500 for the full facepiece respirators could
not be achieved for each exercise, the test operator carried on with the tests to obtain the
overall FF. Tests were often repeated especially when the operator perceived that
something went wrong.
A total of 128 tests (8 respirator models x 2 environmental conditions x 8 subjects) were
tested using the CNP method. For the test conducted in an ambient environment, the
temperature and humidity were 69±3°F and < 25% RH, respectively. The temperature and
RH were monitored by a digital temperature/RH meter.
The same procedure used for testing in ambient conditions was used to conduct QNFT on
human subjects in the controlled environmental conditions. Each subject donning the
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respirator was asked to enter the environmentally controlled room with the temperature
maintained within the range of 90±2°F and RH range of 51±2%.

Figure 4. 4: Quantitative fit test with CNP instrument (Bend over exercise)

Table 4. 3: OSHA’s Controlled Negative Pressure Redon Protocol
CNP Fit Step
1. Face forward
2. Bend over
3. Shake head vigorously
4. Redon 1
Redon 2

Approximately Time
Spent/Participant (Second)
8
8
8
8
8

*Time Taken to Redon
170
*This is the time taken for Redon 1 and 2

4.4.2 Human Subjects QNFT with CNC Method
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Before each test, the respirator and other accessories were examined for obvious damage
and leakage. Calibration was carried out on the CNC test instrument (PortaCount® Pro
plus, TSI Model 8038) and the concentration of the generated aerosol was maintained
above 1000 particles/cm3 to prepare the instrument for fit testing. After donning and
adjusting the respirator equipped with appropriate filter media, the head straps were
adjusted to achieve the adequate fit. Positive and negative user’s seal checks (USC) were
performed, and a comfort assessment made by the test subject. The wearer’s comfort
assessment lasted for about five minutes (29 CFR 19910.134(A). Performing the user seal
check and learning how to do it effectively is important because fit factor is not to be
measured every day. The fit factor only identifies that a particular model and size of
respirator is able to provide an adequate fit if properly donned by the wearers. This clearly
displays that, an adequate fit is not guaranteed each time an employee wears a respirator
(Clayton and Vaughan, 2005). It was ensured that the test subjects did not have any facial
air or jewelry that could have affected the result of the fit test. The QNFT with CNC was
performed using the original OSHA standard protocol (Table 4.4). Each of the eight
exercises in the protocol takes one minute except for grimacing (smiling or frowning which
lasted for 0.25 minute) as programmed by the equipment manufacturer. Grimacing did not
produce a fit factor. It was intentionally included as part of the test exercise to check if the
mask would reseal after smiling/frowning. After completing all the exercises, the test
exercise and the overall quantitative fit factors were recorded. Where the minimum passing
scores for individual exercise fit factors, FFn (100 for half-mask and 500 for full-facepiece)
could not be achieved, the test operator carried on with the test to obtain the overall FF.
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A total of 128 tests (8 respirator models x 2 environmental conditions x 8 subjects) were
conducted using the CNC method.

Figure 4. 5: A subject performing the bending over exercise during QNFT with CNC

Table 4. 4: Fit test exercise and approx. time taken to complete
QNFT Exercise
1. Normal breathing
2.Deep breathing
3. Turning head side-to-side
4. Moving head up and down
5. Loud talking
6. Grimace
7. Bending over to touch toes
8. Normal breathing
Total

Approx Test Time (mins)
1
1
1
1
1
0.25
1
1
7.25
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Chapter 5
5. STATISTICAL ANALYSIS WITH RESULTS AND DISCUSSION
Before statistical analysis of the data, the normality tests were performed using SAS PROC
UNIVARIATE to check if the data was normally distributed. Although, the Central Limit
Theorem (CLT) permits us to skip normality test when n ≥ 30, the normality tests were
nevertheless performed before analyzing the data. The data were checked for the normality
by Shapiro-Wilk’s test. A p-value less than 0.05 (p < 0.05) indicates that the mean FF
difference is not normally distributed (i.e. the null hypothesis was rejected) while p-value
(p > 0.05) at 5% significant level indicates that the data is approximately normally
distributed (i.e. no significant departure from normality). After removing two outliers that
were confirmed to occur as a result of sampling errors, the normality test was performed
again and the data became approximately normal. This is a standard statistical practice.
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Hypothesis Testing

DATA

(p<0.05).
Reject H0
Non-Normal Data

(p>0.05).
Failed to reject H 0
Approx. Normal Data

Normality Test
(Shapiro-Wlik's Test)

Identification and
Handling of Outliers
Statistical Analysis
with SAS 9.4 Software

Normality Test
p>0.05
(Approx. Normal Data)

Examine if p-value is <
or > sig. value of 0.05

Statistical Analysis
with SAS 9.4 Software

Examine if p-value is <
or > sig. value of 0.05

Figure 5. 1: Statistical analysis roadmap
(H0: µpaired difference=0, HA: µpaired difference ≠0)

5.1 Comparison of CNC and CNP Methods
Hypothesis 1 tested for a statistically significant difference between the CNC mean FF and
the CNP mean FF when the tests were conducted with either a mannequin or the human
subjects under a specific condition. This hypothesis examined whether or not there was a
statistically significant difference in the mean FF due to the device type (CNC Vs CNP)
using both mannequin and human subjects. The CNC and CNP comparison involved
testing four sub-hypotheses (H1.1, H1.2, H1.3, and H1.4) which came under hypothesis 1
(Figure 1.1).
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5.1.1 Comparison of the CNC mean SMFF and the CNP mean SMFF for
Tests Conducted in Ambient Condition
The simulated mannequin fit factors (SMFFs) for the test conducted with both CNC and
CNP methods in the ambient condition using eight different respirator models is presented
in Figure 5.2. These results showed that the CNC SMFFs were substantially higher for all
the respirator models compared to the corresponding CNP SMFFs determined in ambient
condition. Each of the respirator models provided a SMFF that was higher than the
recommended OSHA minimum fit factors (100 for half mask and 500 full facepiece
respirators)

CNC mean SMFF Vs CNP SMFF in Ambient
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Figure 5. 2:The CNC SMFFs and CNP SMFFs in ambient condition
As shown in Table 5.1 of the appendix, the mean SMFF (26319.1) for the CNC method
was found to be about fifteen times higher than the mean SMFF (1679.50) for the CNP
method for tests conducted in the ambient condition. An independent sample T-test in SAS
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was performed to test if there was a statistically significant difference between the mean
SMFF determined by the CNC method and the mean SMFF determined by the CNP
method in the ambient condition. A p-value of <0.0001 showed that there was a statistically
significant difference between the CNC mean SMFF and the CNP mean SMFF.

5.1.2 Comparison of the CNC mean SMFF and the CNP mean SMFF
Determined in Controlled Environmental Condition
The simulated mannequin fit factors (SMFFs) for tests conducted with both CNC and CNP
methods in the controlled environmental condition using eight different respirator models,
are shown in Figure 5.3.

CNC mean SMFF vs SMFF in Controlled ENV
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Figure 5. 3: The CNC SMFFs and the CNP SMFFs data values in controlled
environmental condition
Five of the respirator models (3M EFR, MSA EFR, North EFR, Moldex HFR, Moldex
EFR) produced substantially higher SMFF with CNC compared to CNPs when the tests
were conducted in controlled environmental condition. The CNP SMFFs for models 3M
EHR, MSA EHR, and North EHR were higher compared to the corresponding CNC
SMFFs. The CNC mean SMFF (18382.6) was about ten times higher than the CNP mean
SMFF (1876.8) (Table 5.2of the Appendix). An independent T-test was performed in SAS
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to determine if there was a statistically significant difference between the mean SMFF
determined by the CNC method and the mean SMFF determined by the CNP method in
the controlled environmental condition. The statistical analysis produced a p-value of
<0.0001. This indicated that there was a statistically significant difference between the
CNC mean SMFF and the CNP mean SMFF when the tests were conducted in the
controlled environmental condition. At 5% significant level, there was no sufficient
evidence to support the claim that there was no statistically significant difference between
the mean SMFF determined by CNC method and the mean SMFF determined by the CNP
method when the tests were conducted in a controlled environmental condition.

5.1.3 Comparison Between CNC mean HFF and CNP mean HFF for
Tests Conducted in Ambient Condition
Figure 5.4 shows the mean human fit factor (HFF) for the tests conducted with both the
CNC method and the CNP method in the ambient condition using eight different respirator
models. For all the respirator models, the mean HFFs of the tests conducted with the CNC
method were much higher than the mean HFFs of the tests conducted with CNP except the
Moldex EFR. The CNC mean HFF was about 12 times higher than the CNP mean HFF
(Table 5.3 of the Appendix).
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CNC mean HFF and CNP mean HFF in Ambient Condition
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Figure 5. 4:The CNC mean HFF and the CNP mean HFF for the tests conducted in
ambient condition
To determine if there was any statistically significant difference between the mean HFF of
the test conducted with CNC method and the mean HFF of the test conducted with CNP
method in ambient condition, a paired t-test was performed using SAS. The result of the
paired t-test is shown in Table 5.3 of the Appendix. A p-value of <0.0001 showed that there
was a statistically significant difference between the CNC mean HFF and the CNP mean
HFF in ambient condition. Therefore, there was sufficient evidence (at α = 0.05) to reject
the null hypothesis that there was no statistically significant difference between the CNC
mean HFF and the CNP mean HFF when the tests were conducted in ambient condition.

5.1.4 Comparison Between the CNC mean HFF and the CNP mean HFF
for Tests Conducted in the Controlled Environmental Condition
Figure 5.5 displays the mean HFF for the tests conducted with CNC and CNP methods in
the controlled environmental condition when human subjects were fit tested with eight
different respirator models. For each respirator model tested, the mean HFF of the test
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conducted with the CNC method was substantially higher than the mean HFF of the test
conducted with the CNP method with the exception of MSA EHR.
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Figure 5. 5: The CNC mean HFFs and the CNP mean HFFs in controlled environmental
condition
As shown in Table 5.4 of the Appendix, the mean HFF of the tests conducted with the CNC
method was about 8 times higher than the mean HFF of the tests conducted with the CNP
method. A paired t-test was performed to determine if there was a statistically significant
difference between the CNC mean HFF and the CNP mean HFF for the tests conducted in
the controlled environmental condition. The statistical analysis produced a p-value of
<0.0001. This indicated that there was a statistically significant difference between the
CNC mean HFF and the CNP mean HFF when the human subjects were fit tested in the
controlled environmental condition. Therefore, the null hypothesis (H0: µd = 0) that there
was no statistically significant difference between the CNC mean HFF and the CNP mean
HFF was rejected in favor of the alternative hypothesis (HA).
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5.1.5 Discussion of Results of Comparison Between CNC and CNP
Methods (Hypothesis 1)
Some studies have compared condensational nuclei counter (CNC) and controlled negative
pressure (CNP) methods in the ambient laboratory condition, (Crutchfield, Murphy and
Ert, 1993; Janssen et al., 2002; Coffey et al., 1998) but none of the studies were conducted
in controlled environmental conditions. Therefore, this study went further to compare CNC
and CNP methods in two specific conditions (laboratory ambient and controlled
environmental conditions). For each of the tested respirator models, the CNC fit factor was
greater than the CNP fit factor when the tests were conducted in both ambient and
controlled environmental conditions. Based on the significance level of 0.05, the p-values
for all four of the sub-hypotheses under the main hypothesis 1 were less than the
significance level. Thus, the following conclusions were drawn:
1. There was a statistically significant difference between the CNC mean SMFF and
CNP mean SMFF when tests were conducted in ambient condition (p<0.0001).
2. A statistically significant difference was found between the CNC mean SMFF
and CNP mean SMFF when tests were conducted in controlled environmental
condition (p < 0.0001).
3. The CNC mean HFF was statistically significantly higher compared to the CNP
mean HFF when tests were performed in ambient condition (p <0.001).
4. The CNC mean HFF was statistically significantly different from the CNP mean
HFF when tests were performed in controlled environmental condition (p
<0.001).
In this study, the CNP provided conservative quantitative fit factors. These results agree
with previous comparison studies conducted in ambient condition using CNC and CNP in
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ambient condition (Janssen et al., 2002; Oestenstad and Graffeo, 1993; Crutchfield et al.,
1995; Crutchfield, 1997). Although the CNC and the CNP demonstrated some differences
in terms of test protocols and their estimated fit factors, they were both approved by OSHA.
The difference in the mean FF demonstrated by the two

methods could be due to the

following reasons.
1. Fit testing conducted by the CNC method was conducted using an 8-fit test exercise
protocol while a 5-step REDON protocol was used for the CNP testing. For the
CNC test, a total of 7-minutes of dynamic (motion) exercise per test were utilized
to estimate the anticipated effect of an employee’s movement while the CNP lasted
for 40 (8 seconds x 5 steps) seconds per test and quantitative fit test with CNP was
designed to be conducted in static positions.
2. NaCl aerosol was used as the challenge agent for CNC while the respirators were
challenged with air during the CNP test.
3. CNC fit factors were computed by the ratio of the concentration of particles outside
the respirator (Cout) to the concentration of the particles inside the respirator (Cin)
cavity (breathing zone) whereas the CNP measured the volume of air that leaked
into the respirator to determine fit factors.
4. Filters were connected to the respirators to conduct tests with the CNC while dual
CNP adapters were used for CNP tests.
5. CNC tests were accomplished without the subject holding their breath while CNP
required the subject to hold their breath while performing the fit test. Subjects were
trained to hold their breath during the tests, but it was hard to determine how well
they were able to do this unless the test failed or ended abruptly. The ability of the
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subject to hold their breath while performing the test appears to have varied among
the test subjects.
6. Some researchers have previously associated some sampling bias such as the depth
and location of the probe and improper mixing of the aerosol to the CNC method
(Myers et al., 1988). This bias might have contributed to the statistically
significantly higher FFs produced by the CNC method.
7. It is also possible that some of the particles that penetrated through the mask
escaped through the airways during respiration.

5.2 Comparison Between Mean FF in Ambient and Mean FF in
Controlled Environmental Conditions
Hypothesis 2 which consists of four sub-hypotheses (H2.1, H2.2, H2.3, and H2.4),
attempted to determine if there was a statistically significant difference in the mean FF due
to test condition (ambient vs controlled environmental). The mean FF of the tests
conducted in the ambient condition was compared with the mean FF of the tests conducted
in the controlled environmental conditions in order to test if temperature and RH have a
statistically significant effect on the FFs determined by CNC and CNP methods.

5.2.1 Comparison Between the CNC Mean SMFF in Ambient Condition
and the CNC Mean SMFF in Controlled Environmental Condition
The data presented in Figure 5.6 shows the SMFFs determined by the CNC in ambient
condition and the SMFFs determined by the CNC in the controlled environmental
condition when eight respirator models were fit tested on a mannequin. Differences in the
mean SMFF between half mask and full facepiece of each respirator make were observed.
The SMFF of each full facepiece respirator (EFR) was distinctly higher compared to the
half mask (EHR) of the same brand. All the respirator models with the exception of North
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EFR produced higher SMFFs in ambient condition compared to the corresponding tests in
controlled environmental
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Figure 5. 6: CNC mean SMFF in Ambient and CNC mean SMFF in Controlled
Environment

The summary of the statistical analysis performed with the SAS (Table 5.6 of the
Appendix) showed that the CNC mean SMFF in ambient condition was 26319.1 while
the CNC mean SMFF in the controlled environmental condition was 18382.6. The
difference in means was 7936.5. The paired t-Test produced p=.0005, indicating a
statistically significant difference between the mean SMFF determined by the CNC
method in ambient condition and the mean SMFF determined by the CNC method in the
controlled environmental condition.
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5.2.2 Comparison Between the CNP Mean SMFF in Ambient Condition
and the CNP Mean SMFF in Controlled Environmental Condition
The overall SMFFs determined by CNP when each of the eight respirator models were
tested in ambient and controlled environmental condition are shown in Figure 5.7.
Five respirator models (Moldex EFR, North EFR, North HFR, MSA HFR, and 3M HFR)
produced higher SMFFs in the controlled environmental condition compared to the
corresponding tests conducted in the ambient condition. The other three respirator models
(3M EFR, MSA EFR, and Moldex HFR) produced higher SMFFs in ambient condition
compared to the corresponding tests conducted in the controlled environmental condition.
For the test conducted in the controlled environmental condition, the Moldex EFR model
produced the highest overall SMFF. The North EFR model gave the second highest overall
SMFF and was followed by North HFR with the third highest overall SMFF. The Moldex
HFR produced the lowest SMFF and 3M EFR gave the second lowest SMFF. When the
tests were conducted in ambient condition, the Moldex HFR produced the highest SMFF.
The North HFR produced the second highest overall SMFF and was followed by the
Moldex EFR with the third highest overall SMFF. The North EFR produced the fourth
highest overall SMFF. The remainder of the respirators produced SMFF results that
decreased in value corresponding with the following list order: MSA EFR, 3M EFR, 3M
HFR, and MSA HFR.
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Figure 5. 7: CNP SMFF in ambient Condition and CNP SMFF in controlled
environmental condition
The CNP mean SMFF in ambient condition was 1679.50 and the CNP mean SMFF in the
controlled environmental condition was 1879.75. The difference between the mean SMFF
in ambient condition and the mean SMFF in the controlled environmental condition for the
test conducted with the CNP method was -197.250 (Table 5.7 of the Appendix).
A paired t-test was performed in SAS to determine if there was a statistically significant
difference between the CNP mean SMFF in ambient and the CNP mean SMFF in the
controlled environmental condition. The statistical analysis produced a p-value of 0.7247.
This indicated that there was no statistically significant difference between the mean SMFF
determined by the CNP method in ambient condition and the mean SMFF of the test
conducted with the CNP method in the controlled environmental condition.

5.2.3 Comparison Between the CNC Mean HFF in Ambient and CNC
Mean HFF in Controlled Environmental Condition
The mean human fit factor (HFF) determined by the CNC method when eight human
subjects donned each of the respirator models in both ambient and controlled
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environmental conditions is shown in Figure 5.8. Four of the respirator models (3M EFR,
MSA HFR, North HFR, and Moldex HFR) showed higher mean HFFs in ambient
condition compared to the corresponding tests conducted in the controlled environmental
condition. The mean HFFs of the other four respirator models (3M HFR, MSA EFR,
North EFR, and Moldex EFR) were higher in the controlled environmental condition.
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Figure 5. 8: CNC mean HFF data values in ambient vs CNC mean HFF data values in
controlled environmental condition
The CNC mean HFF in ambient condition was 20454.02 and the CNC mean HFF in the
controlled environmental condition was 22457.69. The difference in means between the
HFF in the ambient condition and the HFF in the controlled environmental condition was
-2003.8 (Table 5.8 of the Appendix). A paired t-test was performed in SAS to determine
whether there was a statistically significant difference between the CNC mean HFF in
ambient condition and the CNC mean HFF in the controlled environmental condition.
Based on the alpha value of 0.05, the p-value of 0.5266 (Table 5.8) indicated that there
was no statistically significant difference between the mean HFF determined with CNC
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in ambient condition and the mean HFF determined by CNC in the controlled
environmental condition.

5.2.4 Comparison Between the CNP Mean HFF in Ambient Condition
and the CNP Mean HFF in Controlled Environmental Condition
Figure 5.9 displayed the mean HFF associated with each respirator model when fit
evaluations were determined by CNP in both ambient and controlled environmental
conditions.
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Figure 5. 9: CNP mean HFF data values in Ambient vs CNP mean HFF data values in
controlled environmental condition
The MSA HFR in the controlled environmental condition produced the highest mean
HFF. Four of the respirator models (3M HFR, 3M EFR, MSA EFR, and North HFR)
produced a higher mean HFF in the ambient condition compared to the corresponding
tests performed in the controlled environmental condition. The four other models (MSA
HFR, North EFR, Moldex HFR, and Moldex EFR) produced a higher mean HFF when
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the fit evaluations were conducted in the controlled environmental condition. For each of
the tested respirator models, with the exception of MSA HFR, there was no substantial
difference between the mean HFF obtained in the ambient condition and the mean HFF
obtained in the controlled environmental condition.
A paired t-test was conducted to determine if there was a statistically significant
difference between the CNP mean HFF in ambient condition and the CNP mean HFF in
the controlled environmental condition. The difference in the CNP mean HFF in ambient
condition and the CNP mean HFF in the controlled environmental condition was 0.142857. The statistical analysis of the fit test results is presented in Table 5.9 of the
Appendix. The paired t-test in SAS showed that there was no statistically significant
difference (p= 0.9994) between the mean HFF in ambient condition and the mean HFF in
the controlled environmental condition when the HFFs were determined using the
Controlled Negative Pressure (CNP) method.

5.2.5 Discussion of Results of Comparison Between the mean FF in
Ambient Condition and the mean FF in the Controlled Environmental
Conditions Using CNC Method (Hypothesis 2)
Since environmental conditions vary according to locations, it is important to investigate
the effect of temperature and humidity on the quantitative fit test results determined by
both CNC and CNP methods. For the mannequin study, a statistically significant difference
(p=0.0005) was found between the fit evaluations conducted in the ambient condition and
the fit evaluations conducted in the controlled environmental condition using the CNC
method. Different results were obtained in the human subjects’ test. No statistically
significant difference was found between the ambient versus the controlled environmental
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QNFT determined by the CNC (p=0.5266). It is possible that the temperature and RH
humidity inside the elastomeric respirators are influenced by the exhaled breath. The
exhaled particles from the tested human subject’s airways might also contribute. A study
by (Holmgren et al., 2011) showed that the physical properties exhaled particles vary with
RH.
For the CNP tests, there was no apparent significant difference in the test conducted in the
ambient condition and the controlled environmental conditions for both human and
mannequin tests. For the CNP test, the question of filter penetration, number size
distribution or particle dimensions have found no effect on the quantitative fit test result.

5.2.6 Conclusion of Results of Hypothesis 2
Hypothesis 2 investigated the effects of environmental factors (temperature and RH) on
the quantitative fit test determined by the CNC and the CNP. The analysis of the results
found no statistically significant difference between the tests conducted with the CNP in
the ambient and the controlled environmental conditions for both mannequin and human
subjects. The results of the CNC test in the ambient versus the controlled environmental
condition produced no significant difference on human subjects (p=0.5266), but a
statistically significant difference (p=0.0005) was found with the mannequin test. A
combination of some other factors such as aerosol generated in the airways, the probable
effects of temperature and the relative humidity of the exhaled air on the particles and intersubjects’ variability might have contributed to the human subject results. During the CNP
tests, both the mannequin and human subjects were not breathing.

5.3 Comparison of Simulated Mannequin Fit Factors (SMFF) and
Human Fit Factors (HFF) Determined by CNC and CNP in Specific
Conditions
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A statistical analysis was conducted to verify if the mean simulated mannequin fit factor
(SMFF) compared to the mean human subject fit factor (HFF) was significantly different
when fit evaluations were conducted with both CNC and CNP methods in specific
conditions (Hypothesis 3). The aim was to investigate whether or not there was a
statistically significant difference in the mean FF that was attributable to the subject types
(mannequin and human subjects) in specific conditions. Four sub-hypotheses (H3.1,
H3.2, H3.3, H3.4) were tested under the main hypothesis 3 (H3).

5.3.1 CNC mean SMFF Vs CNC mean HFF in Ambient Condition
(H3.1)
To compare the mean SMFF and the CNC mean HFF in ambient condition, a total of 104
quantitative fit factors (64 HFFs and 40 SMFFs) were conducted. The simulated fit factor (SMFF)
produced by each brand of full facepiece respirator tested, (3M, MSA, North and Moldex) was
higher than the SMFF produced by the half mask with the exception of the North brand. For five
of the respirator models (3M EFR, MSA EFR, North EFR, Moldex, HFR and Moldex EFR) the
mean SMFFs were higher than the mean HFFs while the mean HFFs were higher than the mean
SMFFs for the other three respirator models including 3M HFR, MSA HFR, and North HFR
(Figure 5.10)
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Figure 5. 10: CNC mean SMFF Vs CNC mean HFF in Ambient Condition
The mean and standard deviation of the SMFF were 26319.08 and 23616.83 while the
mean and standard deviation of HFF were 23286.11 and 30443.86 (Table 5.11 of the
Appendix). To determine whether the observed difference between the CNC mean SMFF
and the CNC mean HFF was statistically significantly different, a statistical analysis was
conducted using the SAS GLM procedure. With the p-value (p=0.5926) exceeding the
significance level of 0.05, there was no evidence of statistically significant difference
between the CNC mean SMFF and the CNC mean HFF.

5.3.2 CNC mean SMFF Vs CNC mean HFF in Controlled
Environmental Condition (H3.2)
The mean SMFF and the mean HFF determined by CNC in the controlled environmental
condition was compared by using 40 SMFF data obtained from a single mannequin and 64
HFF data from eight human subjects. Five respirator models (3M HFR, 3M EFR, MSA
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EFR, and North HFR, produced a higher mean FF on humans compared with the
mannequin.

CNC mean SMFF vs CNC mean HFF in Controlled
Environmental Condition
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Figure 5. 11: CNC mean SMFF Vs CNC mean HFF in Controlled Environmental
Condition
The SMFF mean and standard deviation were 18382.60 and 19495.09 while the HFF
mean and standard deviation were 21816.55 and 19495.09 (Table 5.12 of the Appendix).
A statistically significant difference between the CNC mean SMFF and the CNC mean
HFF in a controlled environmental condition was determined using the SAS GLM
procedure. According to the statistical analysis, there was no statistically significant
difference between SMFF and HFF determined by CNC in ambient condition
(p=0.4409).

5.3.3 CNP Mean SMFF Vs CNP Mean HFF in Ambient Condition
(H3.3)
To compare the CNP mean SMFF and the CNP mean HFF in ambient condition, eight
overall simulated fit factors were measured on a mannequin and a total of 64 fit factors
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were measured on human subjects. The data values for the overall CNP simulated
mannequin fit factor and the mean human fit factor produced by each respirator model,
were presented in Figure 5.12.
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Figure 5. 12: CNP mean HFF and CNP SMFF data values by respirator model in ambient
condition
As shown in Figure 5.12, the differences between the CNP SMFF and the CNP mean HFF
were obvious for seven out of the eight respirator models tested. The mean HFF produced
by 3M HFR, 3M EFR, MSA, HFR, and MSA EFR were higher than the corresponding
SMFF in ambient condition. North EFR, Moldex HFR, and Moldex EFR models produced
a higher CNP SMFF compared to the corresponding CNP mean HFF. No obvious
difference was found between the CNP SMFF and the CNP mean HFF produced by the
North HFR model. A statistical analysis was conducted using the SAS GLM procedure.
The analysis showed that the CNP mean HFF was 1985.56 and the CNP mean SMFF was
1679.50 (Appendix Table 5.13). With the p-value (p=0.5834) at 0.05 significant level, the
analysis showed that there was no statistically significant difference between the CNP
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mean for the simulated mannequin fit factor (SMFF) and the CNP mean for the human fit
factor (HFF).

5.3.4 Comparison Between CNP Mean SMFF Vs CNP Mean HFF in
Controlled Environmental Condition (H3.4)
Eight simulated mannequin fit factors and 64 human fit factors were determined with the
CNP method in a controlled environmental condition. The overall SMFF data values and
the mean HFF are presented in Figure 5.13. Five of the eight respirator models (3M HFR,
3M EFR, MSA HFR, MSA EFR and Moldex HFR) produced a higher mean HFF compared
to the corresponding the simulated fit factor produced by the mannequin. The other three
models (North HFR, North EFR and Moldex EFR) produced a lower mean HFF in
comparison to the corresponding SMFF. This analysis investigated whether or not there
was a statistically significant difference in the mean SMFF and the mean HFF for the test
conducted with the CNP method in a controlled environmental condition.

9000

CNP mean HFF and CNP SMFF by Respirator model Controlled
Environmental Condition

CNP SMFF and CNP HFF

8000
7000
6000
5000
4000
3000
2000
1000
0
3M HFR

3M EFR

MSA HFR
MSA EFR NORTH HFR NORTH EFR MOLDEX HFR MOLDEX EFR
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Figure 5. 13: CNP SMFF and CNP mean HFF in controlled environmental condition
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From the SAS GLM procedure output presented in Table 5.14 of the Appendix, the mean
SMFF was 1876.75 and the mean HFF was 2800.44. At the 5% significance level, the
statistical analysis showed that there was no statistically significant difference (p=0.7052)
between the CNP mean SMFF and the CNP mean HFF for the fit evaluation determined
by the CNP method in a controlled environmental condition.

5.3.5 Discussion of the Results from the Comparison between CNP mean
SMFF and CNP mean HFF
Hypothesis 3 investigated if there was a statistically significant effect attributable to subject
type (mannequin and human subject). Two sub-hypotheses were considered under the main
hypothesis 3. The fit evaluations were conducted with the CNP method only. For this
comparison test, the CNP mean SMFF vs the CNP mean HFF in ambient condition were
not found to be statistically significantly different (p =0.5834) at the 0.05 significance level.
Similarly, a non-statistically significant difference was observed (p=0.7052) when the
mean SMFF and the mean HFF of the tests conducted in a controlled environmental
condition were compared. Studies comparing the simulated mannequin fit factor and the
human fit factor are important because the mannequin can be used in studies where the
health of human subjects can be endangered as a result of the presence of hazardous
conditions in the test environment (Bergman et al., 2015). This study agreed with the study
conducted by Bergman (et al., 2015) who published the first study in which a static
mannequin FF and human subjects FF had a strong correlation (R2 =0.95). However, the
Bergmann (2015) study was conducted using FFR (N95 respirators) and only utilized the
CNC in a laboratory ambient condition. This current study suggests that mannequins can
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be used to assess the fit of various brands of elastomeric respirators and to conduct
respiratory protection research.
The inward face-seal leakage when a respirator is worn by human subjects, normally
fluctuates due to head movement and facial muscle movement. However, this analysis did
not demonstrate a statistically significant difference between the mean simulated
mannequin fit factor and the mean human fit factor in ambient as well as in controlled
environmental conditions when the tests were conducted with the CNP method. Eight
human subjects were evaluated and compared to the results of only one mannequin. The
mannequin utilized in this study was a medium-sized mannequin with facial dimensions
(face length and face width) that were not substantially different from the facial dimension
of about 65% of the tested human subjects. Like the mannequin, a large proportion of the
human subjects evaluated in the study, fell into the medium-sized category of the NIOSH
bivariate test panel.

5.3.6 Conclusion of Results of Hypothesis 3
No significant difference was found between the simulated mannequin fit factor and the
human fit factor when fit evaluations were conducted with the CNC and CNP in both
ambient and controlled environmental conditions. The possibilities of multiple redonning,
readjustment and user seal check (USC) could lead to improved respirator fit on human
subjects. The USC was not possible with the mannequin but once an adequate seal is
achieved and left undisturbed, it can be maintained till the end of the test. With the USC,
human subjects may obtain a higher fit factor than the mannequin. However, in this study
it appears that some of the subjects experienced a fluctuating face seal leakage that could
lead to higher variation quantitative fit factors.
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5.4 Four Factor Model with Post Hoc Analyses (Mannequin Study)
After testing all the hypotheses, post hoc analyses were performed using Statistical
Analysis System (SAS® 9.4) software (SAS Institute Inc., Cary, N.C. USA). The
mannequin results were analyzed using the SAS General Linear Models procedure to
determine the significance of the variables (respirator make, condition, respirator style
and testing device on the SMFF. The dependent variable was the simulated mannequin fit
factor. The alpha value of 0.05 significance level was used.

5.4.1 Result of Four Factor Model with Post Hoc Analyses (Mannequin
Study)
The overall model was treated as a four-factor design. The four-factor model consisted of
respirator make (brand), condition, respirator style, and device type. There were four
values for brand (3M, MSA, Moldex, and North) two values for conditions (ambient and
controlled environmental conditions), two values for respirator styles (half-face and fullface) and two values for device (Table 5.4.1).
Table 5.4. 1: Class Level Information for Mannequin Study
Class

Levels

Values

Make
Condition
Respirator Style

4
2
2

3M MSA Moldex North
Amb ENVR
EHR EFR

Device

2

CNC CNP

As presented in Table 5.4.2, the mean SMFF p-value for the overall model is p< 0.001
which indicates that this overall model is statistically significant. This model explains a
statistically significant amount of variation in the value for the mean simulated mannequin
fit factor (SMFF) when the overall model consisting of four independent variables (make,
condition, respirator style and device) was considered. The R-square of 0.738661 indicates
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that the model accounts for 73.87% of the variation in the SMFF. The analysis showed that
all the independent variables are statistically significant (Table 5.4.2).
Table 5.4. 2: Dependent variable: Simulated Mannequin Fit Factor (SMFF)
Source
Model
Error
Corrected Total

Source
Make
Condition
Respirator Style
Device

DF
6
89
95

Sum of Squares
32134035464
11369049443
43503084907

Mean Square
5355672577
127742129

R-Square

Coeff Var

Root MSE

0.738661

59.7309

11302.31

DF
3
1
1
1

Type III SS
2088345935.0
1039383398.0
23363152804.0
5643153328.0

Mean Square
696115312.0
1039383398.0
23363152804.0
5643153328.0

F Value
41.93

Pr > F
<.0001

Fit Factor
Mean
18922.05

F Value
5.45
8.14
182.89
44.18

Pr > F
0.0017
0.0054
<.0001
<.0001

5.4.2 Pairwise LSMean Differences for Effect Make (Mannequin Study)
Pairwise comparisons between the respirator makes (brand) were based on the LSMeans
of the analysis performed with the SAS GLM procedure. The analysis shows that the 3M
and MSA LSMean SMFFs are significantly different. MSA and Moldex are also
significantly different from each other. Moldex and North LSMean SMFFs are not
significantly different (Table 5.4.4).
Each respirator make (brand) was compared according to its FF LSMeans. According to
the analysis presented in table 5.4.3, the North respirator produced the highest LSMean
SMFF (17090.2625). The Moldex brand with an LSMean SMFF of 15892.8042 had the
second highest followed by 3M with an LSMean SMFF of 9625.1732. The MSA brand
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had the lowest LSMean SMFF (5649.672). The rank of the highest to the lowest LSMean
SMFF was: North > Moldex >3M > MSA (Table 5.4.3).

Table 5.4. 3: Mannequin Study: SMFF LSMeans for the Effect Make (Respirator Brand)
Make

Fit Factor LSMEAN

LSMEAN Number

3M
MSA
Moldex
North

9625.1732
5649.672
15892.8042
17090.2625

1
2
3
4

Table 5.4. 4: P-Values for Pairwise LSMean Differences for Effect Make (Mannequin
Study)
i/j
1
2
3
4

1
0.2263
0.0579
0.0245

2
0.2263
0.0023
0.0007

3
0.0579
0.0023

4
0.0245
0.0007
0.7145

0.7145

Statistically significant differences were found between the LSMean SMFF of the
respirator makes despite using a single mannequin headform. This suggests that these
differences could be as a result of a difference in the design of some important parts of
the respirator such as head harness assembly, neck strap, test adapter sampling tube,
facepiece body and the type of materials used. In addition, mannequins don’t smoke, and
their exhaled breath contaminant concentration may be different from that of healthy
human subjects at specific test conditions.

5.5 Four Factor Model with Post Hoc Analyses (Human Subject)
5.5.1 Results of the Four Factor Model with Hoc Analyses
The general linear model (GLM) procedure in SAS version 9.4 (SAS Institute Inc., Cary,
N.C.) was used for data analysis. A p-value of 0.05 was considered statistically significant.
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For all GLM procedures, the mean human fit factor (HFF) was the dependent variable. The
independent variables included respirator make, test conditions, respirator style, and the fit
test device used.
The overall model for the human subject study (HFF) was treated as a four-factor design
consisting of the make, condition, respirator style, and fit test device. There were four
values for the respirator make (3M, MSA, Moldex, and North) two values for test condition
(ambient condition and controlled environmental condition), two values for respirator style
(full-face and half-face), and two values for the fit testing device (CNC and CNP). (Table
5.4.5)
Table 5.4.5: Class Level Information for Human Subject Study
Class

Levels

Make
Condition
Respirator Style
Device

4
2
2
2

Values
3M MSA Moldex North
Amb ENVR
EHR EFR
CNC CNP

The number of observations for human subjects was 256. The p-value for the overall fourfactor model was p< 0.0001. This indicated that the overall model explained a statistically
significant amount of variation (p<0.05) in the values for the human fit factor (HFF) when
the overall model consisting of four independent variables (make, test condition, respirator
style, and fit test device), was considered.

Table 5.4. 6: Dependent variable: Mean Human Fit Factor (HFF)
Source
Model
Error
Corrected Total

DF
6
249
255

Sum of Squares
33598220811
88608303884
122206524695

Mean Square
5599703468.6
355856642.1

F Value
15.74

Pr > F
<.0001

100

R-Square

Coeff Var

Root MSE

0.274930

151.2501

18864.16

Source
Make
Condition
Respirator Style
Device

DF
3
1
1
1

Type III SS
7440378615
6857852
144060006
26006924339

Fit Factor
Mean
12472.16

Mean Square
2480126205
6857852
144060006

F Value
6.97
0.02
0.40

Pr > F
0.0002
0.8897
0.5252

26006924339

73.08

<.0001

The analysis in Table 5.4.6 shows that there was a statistically significant effect in the mean
HFF for the overall model using the four independent variables. The R-square of 0.274930
indicated that the model accounted for approximately 27.5% of the variation in the HFF.
The table showed that the effect of respirator make and fit test device (with p-values 0.0002
and <.0001, respectively) were statistically significant. However, the effect of the condition
and respirator style (p-values 0.8897 and 0.5252,) respectively were not statistically
significant. This indicated that the condition (ambient or controlled environmental
condition) or the respirator style (half-face or full-face) used for the fit evaluation had little
or no effect on the HFF.

5.5.2 Pairwise LSMean Differences for Effect Make (Human Subject)
The LSMean for effect make (respirator brand) for the human subject study is presented
in table 5.4.7. 3M had the highest LSMean HFF (18869.3281). The North produced the
next highest, LSMean HFF of 16514.9531. The MSA LSMean HFF (8750.8125) was
higher than that of the Moldex (5753.5625) which was the lowest. The LSMeans of HFFs
of the respirator makes were ranked from the highest to the lowest in the following order:
3M > North> MSA> Moldex. These results showed that the 3M provided the best fitting
characteristics among all the respirator makes while the North provided the second-best
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fitting characteristics. The MSA was next to the North but it achieved a better fit than the
Moldex when tested on human subjects.
Table 5.4.7: FF LSMEANS of Respirator Make (Human Subject Study)
Make
3M
MSA
Moldex
North

Fit Factor
LSMEAN
18869.3281
8750.8125
5753.5625
16514.9531

LSMEAN Number
1
2
3
4

Table 5.4. 8: P-Values for Pairwise LSMean Differences for Effect Make (Human
Subject Study)
i/j
1
2
3
4

1
0.0027
0.0001
0.4808

2
0.0027
0.3696
0.0207

3
0.0001
0.3696

4
0.4808
0.0207
0.0014

0.0014

The P-values of the for pairwise differences between the respirator makes were determined
using the SAS GLM procedure (Table 5.4.8). At a 5% significance level, the 3M LSMean
HFF was statistically significantly different from the MSA (p =0.0027). The MSA LSMean
HFF was not significantly different from the Moldex (p=0.3696). The p-value of 0.0014
indicated that the Moldex LSMean HFF differed significantly from the North.
This comparison showed that most respirator makes used for the fit evaluation produced
HFFs that were statistically significantly different from the others. This suggested that
employers could achieve better fitting characteristics by experimenting with different
respirator makes. The significant differences in fit observed among the respirator makes
could be attributed to the differences in materials and the facepiece designs. For example,
it was noticed that the MSA elastomeric half-face respirator pressed hard against the nose
of the subjects while the Moldex half facepiece headstrap often twisted and made donning
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the respirator difficult. It was also difficult to ensure a tight seal between the respirator and
the forehead when donning the Moldex and North full face respirators. This drawback does
not apply to half masks.

5.6 Investigation of Interaction Effects
The SAS GLM procedure was used to investigate the relationship between each of the
independent variables and the mean human fit factor (HFF). The analysis shows the
following results:
In this analysis, the main effects are respirator make, condition, respirator style and device.
The p-value for the respirator make, and the p-value for device are statistically significant
(p < 0.05). We therefore conclude that respirator make affects the outcome of the overall
mean HFF. The respirator style and the test conditions have p-values that are greater than
0.05. This indicates that respirator style and condition are not statistically significant.
The interaction of the respirator make (brand) and the respirator style produced a
statistically significant effect on the mean fit factor for humans (p-value = 0.0122). Also,
the interaction of the respirator make and the device produced a significant effect on the
mean HFF (p<0.0001). The interaction of condition and respirator style (p=0.1024),
interaction of condition, and device (p=0.6077) and the interaction of respirator style and
device (p=0.1222) did not produce a statistically significant effect on the mean HFF.
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Figure 5. 14: The plot of the means for the interaction device and respirator make
Figure 5.1.4 presents a graph of the means of interaction between the device and the
respirator make. The dependent variable (HFF) is shown on the vertical axis. The different
respirator makes are shown on the horizontal axis. The CNC mean HFF and the CNP mean
HFF are graphed separately. The figure shows that there was an interaction between the
CNC and the respirator make. There was no interaction between the CNP and the respirator
make.
Table 5.6. 1: The main effect and the first order interaction
Sources
Make
Condition
Resp. Style
Device
Make*Condition
Make*Resp. Style
Make*Device
Condition*Resp. Style
Condition*Device
Resp. Style*Device

DF
3
1
1
1
3
3
3
1
1
1

Type III SS
7440378615
6857852
144060006
26006924339
242920889
3524311372
8240661338
849525749
83498475
760463352

Mean Squares
2480126205
0.02
144060006
26006924339
80973630
1174770457
2746887113
849525749
8349875
760463352

F Value
7.85
0.02
0.46
82.28
0.26
3.72
8.69
2.69
0.26
2.41

Pr >F
< .0001
0.8830
0.5003
<.0001
0.8569
0.0122
<.0001
0.1024
0.6077
0.1222
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5.6.1 Interaction of the Effect “Make” and “Device” (Make*Device)
Examining Table 5.6.1 shows that the main effect variables “condition” and “respirator
style” were not statistically significant (p>0.05). Therefore, the first order interaction
involving these two variables was dropped from the model. This is the standard statistical
procedure. The p-values of less than 0.05 shows that the variables make, and device were
significant (p<0.05). The interaction between these two variables (make and device) is
shown in the Table 5.6.1.
Table 5.6. 2: FF LSMEANS of the respirator model

Make
3M
3M
MSA
MSA
Moldex
Moldex
North
North

LSMEAN
FF LSMEAN
Number
35357.6875
1
2362.9687
2
14262.375
3
3239.2500
4
9208.2188
5
2298.9063
6
31359.0313
7
1670.8750
8

Device
CNC
CNP
CNC
CNP
CNC
CNP
CNC
CNP

Table 5.6. 3: P-Values of the Interaction of Make and Device (Make*Device)
i/j
1
2
3
4
5
6
7
8

1
<.0001
<.0001
<.0001
<.0001
<.0001
0.3671
<.0001

2
<.0001
0.0079
0.8439
0.1249
0.9885
<.0001
0.8764

3
<.0001
0.0079
0.0138
0.2566
0.0076
0.0002
0.0050

4
5
<.0001 <.0001
0.8439 0.1249
0.0138 0.2566
0.1806
0.1806
0.8326 0.1214
<.0001 <.0001
0.7245 0.0912

6
<.0001
0.9885
0.0076
0.8326
0.1214
<.0001
0.8877

7
0.3671
<.0001
0.0002
<.0001
<.0001
<.0001

8
<.0001
0.8764
0.0050
0.7245
0.0912
0.8877
<.0001

<.0001

Looking at the interaction between respirator make and device, shown in Table 5.6.3, it
can be seen that the CNC mean HFF of 3M was statistically significantly different from all
the other respirator makes tested with both CNC and CNP with the exception of the CNC
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mean HFF of the North. There was no statistically significant difference between the mean
HFF of the 3M tested with CNP and the other three respirator makes tested with CNP. On
the other hand, the mean HFF of 3M tested with CNP, differed significantly with the makes
tested with CNC, with the exception of Moldex. The CNC mean HFF for MSA is
statistically significantly different from all the other makes tested with both CNC and CNP
with the exception of the Moldex tested with CNC. For the test conducted with CNP, the
mean HFF of the MSA did not differ significantly with the mean HFF of all the other three
respirator makes tested with the CNP. On the contrary, the CNP mean HFF for MSA
differed significantly from the means HFF of all other respirator makes tested with CNC
with the exception of Moldex. The CNC mean HFF of Moldex was statistically
significantly different from all the other respirator makes tested with both CNC and CNP
with the exception of the CNC means HFF for the 3M and North.
There was no statistically significant difference between the CNP mean HFF for the
Moldex and the other three respirator makes tested with CNP. There was a significant
difference between the mean HFF of Moldex tested with CNP and all other respirator
makes tested with CNC. However, there was a statistically significant difference between
the CNC mean HFF for Moldex and the CNP mean HFF for Moldex. The CNC mean HFF
of the North was statistically significantly different from all the other respirator makes
tested with both the CNC and CNP with the exception of the CNC mean HFF of 3M. The
CNP test of the North produced a mean HFF that was not significantly different from the
CNP means HFF of the other respirator makes. However, the CNP mean HFF of the North
differed significantly from the mean HFFs of all the respirator makes tested with the CNC
with the exception of Moldex
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5.6.1 Interaction of the Effect “Make” and “Respirator Style”
(Make*Respirator Style)
Table 5.6.1 shows that the interaction of the effect make, and respirator style is significant
(p=0.0122). The interaction of the respirator style and make can be visualized in the plot
presented in Figure 5.15. The dependent variable is HFF shown on the vertical axis. The
respirator makes are shown on the horizontal axis and the two different respirator styles
(EFR and HFR) are graphed separately.

Interaction of make and the respirator style
30000

Mean HFF

25000
20000
15000
10000
5000
0
3M

MSA
EFR

Moldex

North

HFR

Figure 5. 15:The plot of the means of interaction between the respirator make and the
respirator style
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Table 5.6.4: FF LSMEANS of the respirator Style
Make
3M
3M
MSA
MSA
Moldex
Moldex
North
North

Respirator
Style
EFR
HFR
EFR
HFR
EFR
HFR
EFR
HFR

LSMEAN
FF LSMEAN
Number
25404.5938
1
12334.0625
2
7848.8438
3
9652.7813
4
6709.8438
5
4797.2813
6
12926.0000
7
20103.9063
8

Table 5.6.5: LS Means for effect make*respirator style
i/j
1
2
3
4
5
6
7
8

1
0.0036
0.0001
0.0005
<.0001
<.0001
0.0054
0.2342

2
0.0036
0.3139
0.5469
0.207
0.0912
0.8942
0.0817

3
0.0001
0.3139
0.6852
0.798
0.493
0.2545
0.0063

4
5
0.0005 <.0001
0.5469
0.207
0.6852
0.798
0.5085
0.5085
0.2757 0.6674
0.4622 0.1632
0.0195 0.0029

6
<.0001
0.0912
0.493
0.2757
0.6674

7
0.0054
0.8942
0.2545
0.4622
0.1632
0.0687

0.0687
0.0007 0.1076

8
0.2342
0.0817
0.0063
0.0195
0.0029
0.0007
0.1076

From the results presented in Table 5.6.5, a statistically significant difference was found
between the 3M EFR and all the other respirator models with the exception of the North
HFR. The 3M HFR differs significantly from the 3M EFR but was not statistically
significantly different from all the other models.
A statistically significant difference was found between the MSA EFR and the 3M EFR.
A significant difference was also found between the MSA EFR and the North HFR. The
MSA EFR does not differ significantly from the other tested models. The MSA HFR is
statistically significantly different from the 3M EFR. The MSA HFR also differed
significantly from the North HFR but was found to be statistically different from other
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respirator models. With the exception of the 3M EFR and the North HFR models, the
Moldex EFR was not statistically significantly different from other tested respirator
models. Similarly, the Moldex HFR differed significantly from the 3M EFR. The
Moldex HFR was also found to be statistically different from the North HFR but was not
found to be statistically significantly different from other respirator models.
The North EFR differed significantly from the 3M EFR but was not found to be
statistically significantly different from other tested respirator models. A statistically
significant difference was found between North HFR North EFR.

5.7 Strengths and Shortcomings of Each of the Elastomeric APR
After conducting many tests during this study, certain strengths and weaknesses that were
peculiar to each of the eight models of respirator were identified.

Respirator

Noticeable Strengths from

Noticeable Shortcomings from

Model

Users’ Experience

Users’ Experience

3M EHR

It provided great comfort with the

The filter/cartridge receptacle

right size. The head strap material

can wear away during snapping

can withstand tension and last

and unsnapping if not carefully

longer than the3M EFR head strap. handled.
3M EFR

Made from soft materials that

1.The inner mask is not strongly

provide good comfort and easy

attached to the assembly and can

adjustability.

easily pull out gradually until it
is finally detached from the fullfacepiece assembly 2. The
headstrap assembly (head
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harness) that holds the full
facepiece assembly against the
face is not strong enough. It can
become weak and break off after
some hours of use. This
headstrap assembly are
replaceable but the need for
replacement can be avoided by
using a material with a higher
ultimate strength. 3. Attaching
the cartridge or filter to the
facepiece can prove a little bit
difficult because it has to be
locked firmly or snapped in.
This technique is more difficult
than screwing in because some
respirator wearers who are not
well-trained may not always get
it right. If the filter/cartridge is
not well aligned to the lock on
the facepiece, it can result in
leakage which can affect the
level of protection afforded the
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wearer. This is applicable to all
other respirator makes tested
except the North. An improved
design that allows the cartridge
or filter to be easily screwed to
the facepiece can solve this
problem.
MSA EHR

Made of soft and quality materials.

Some of the shortcomings of this

Seals well to the face. Headstrap

mask include 1. pressing hard on

assembly can be replaced with

nose and mouth even when the

materials that can last long.

wearer is wearing the right size
is a big disadvantage. 2. It is
adjustable but lacks a clip to
secure the strap. As a result, the
muscular contraction and
relaxation of the neck muscle
can make the headstrap not stay
in place and this gradually
reduces the tightness of the
mask. 3. Fitting the test adapter
tightly to conduct the test with
this mask required an extra
carefulness. This half face
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proved to be the most difficult in
this aspect. It is hard to get an
adequate fit with this half mask.
MSA EFR

This mask fits and seals well to the Extra care is required to attach
face 2. It provides good comfort to

the sampling adapter tightly to

the user. The head strap design and the mask before conducting the
materials quality are excellent.
North EHR

test.

Mask made with quality materials.
It is a very comfortable mask with
good tight seal. Filter and cartridge
can be screwed-in effortlessly.
Head harness is well designed with
quality materials.

North EFR

Provides comfortable fit.

Bulging out and difficulty of
sealing to forehead even when
the right size is worn.

Moldex EHR

It provides a good seal to the

The strap is often twisted and

wearer’s face.

needs to be untwisted to provide
a good seal; this does not really
make it easy to be donned
quickly. This can be annoying. A
filter receptacle that can be
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screwed in would have been a
better design.

Moldex EFR

The inner mask appears not to

Bulging up and difficult to seal

compromise seal.

to the forehead.

Note that this does not represent the experience of all test operators.
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Chapter 6
6.0 CONCLUSION AND RECOMMENDATIONS
6.1 Overall Conclusion
In this study, Condensational Nuclei Counter (CNC) and Controlled Negative Pressure
(CNP) were compared in ambient and controlled environmental conditions using a
mannequin and human subjects. For the QNFTs conducted on both mannequin and human
subjects, the mean FF determined by the CNC was significantly higher compared to the
mean FF determined with the CNP method. This is not proof that CNC is more effective
than CNP in measuring fit because the CNC evaluates the number of particles in the air
that penetrate into the respirator cavity while the CNP measure the actual volume of air
that penetrate into the mask to determine fit factors.
There was no significant difference between the difference in means of human fit factors
obtained in the ambient and controlled environmental conditions for both CNC and CNP
tests. The CNP test results with a mannequin in the ambient versus the environmental
condition, produced no significant difference but a significant result was obtained with
CNC. The difference in the mannequin and human test subjects’ results may be due to some
conceivable reasons like the migration of an undetermined amount of aerosol in and out of
the lungs during inhalation and exhalation. Also, it was not determined whether
temperature and the RH of the air rebreathed into the respirator during the QNFT were the
same with the temperature and the RH inside the respirator cavity and outside the
respirator.
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For both the CNC and CNP, no significant difference was found when mannequin and
human fit test results were compared in ambient and controlled environmental conditions
except for H2.1 result.
The results indicated that the comparison of mannequin and human tests results could be
beneficial in conducting respiratory protection research. The study also supports
conducting respirator research using different test methods with different makes/models
under different test conditions

6.2 Study Limitations
Some limitations were identified in this study. One of the notable limitations is the type of
mannequin used for this study. The mannequin used is a static head form made of rigid
plastic materials that cannot mimic the morphological features and movement of facial skin
and muscles. A robotic mannequin that can simulate human head movements could be used
in future studies. Another limitation is that the respirators used were not available in
multiple sizes for the subjects to try different sizes and then select the size that provides
the highest level of fit. In addition, due to the difficulty in getting subjects to participate in
the study, the subjects were not representative of respirator wearers as defined in the
NIOSH fit test panels (bivariate panel or principal component analysis panel)

6.3 Recommendation for Future Research
Further study could be conducted with an advanced talking mannequin that is capable of
performing head movements and whose skin can mimic human skin. Future research could
use the modified CNC protocol recently accepted by the OSHA a few months ago in
addition to the original CNC protocol.
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APPENDIX
HYPOTHESIS 1
Table 5. 1: Independent Sample t-Test for CNC mean SMFF Vs CNP mean SMFF in Ambient
condition (H1.1)
Device
CNC
CNP
Diff

Device
CNC
CNP
Diff
Diff

N
40
8

Method

Pooled
Satterthwaite

Mean
26319.1
1679.5
24639.6

Mean
26319.1
1679.5
24639.6
24639.6

Std Dev
23616.8
971.4
21749.1

Std Err
3734.1
343.4
8423.4

95% CL Mean
18766.0
33872.1
867.4
2491.6
7684.2
41595.0
17058.6
32220.5

Method
Variances
Pooled
Equal
Satterthwaite
Unequal

DF
46
39.647

Minimum
396
604

Std Dev
23616.8
971.4
21749.1

t Value
2.93
6.57

Maximum
65493
3194

95% CL Std Dev
19346.0 30324.8
642.3
1977.1
18072.9 27316.5

Pr > |t|
0.0053
<.0001

Table 5. 2: Independent Sample t-Test for CNC mean SMFF Vs CNP mean SMFF in Controlled
environmental condition (H1.2)
Device
CNC
CNP
Diff

N
40
8

Mean
18382.6
1876.8
16505.9

Device
CNC
CNP
Diff
Diff

Method

Mean
18382.6
1876.8
16505.9
16505.9

Pooled
Satterthwaite

Std Dev
19495.1
1634.6
17961.9

Std Err
3082.4
577.9
6956.6

95% CL Mean
12147.8
24617.4
510.2
3243.3
2502.9
30508.8
10174.6
22837.1

Method
Variances
Pooled
Equal
Satterthwaite
Unequal

DF
46
41.504

Std Dev
19495.1
1634.6
17961.9

t Value
2.37
5.26

Minimum Maximum
157.0
64879.0
515.0
4864.0

95% CL Std Dev
15969.6
25032.4
1080.7
3326.8
14925.9
22559.1

Pr > |t|
0.0219
<.0001
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Table 5. 3: Paired t-test for difference in CNC mean HFF Vs CNP mean HFF in Ambient
condition (H1.3)

Variable
CNC Mean HFF
CNP Mean HFF
HFF Difference

Mean
23286.11
1985.56
21300.55

Std
Error
3805.48
190.92
3790.4

Std Dev
30443.86
1527.38
30323.16

t Value

Pr > | t |

5.62

< .0001

Table 5. 4: Paired t-test for difference in CNC mean HFF Vs CNP mean HFF in Environmental
condition (H1.4)
Variable
CNC Mean HFF
CNP Mean HFF
HFF Difference

Mean
21816.55
2800.44
19016.11

Std Dev
23451.33
6813.03
25103.24

Std Error
2931.42
851.63
3137.91

t Value

6.06

Pr > | t |

< .0001

Table 5. 5:Hypothesis 1: Summary of Results
Main Research
Hypothesis

Sub-Hypotheses

Result Using α =0.05

H1: The mean FF

P<0.0001

between CNC and

Conclusion: A p-value of less

CNP is significantly

H1.1: The CNC mean SMFF

than 0.05, supports the claim

different when the

in ambient condition is

that, there is a significant

tests were conducted

significantly different from

difference between the mean

with either a

the CNP mean SMFF in

SMFF determined by CNC in

mannequin or human

ambient condition.

ambient compare to the mean

subjects in a specific

SMFF determined by CNP in

condition.

ambient condition.
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P <0.0001.
Conclusion: With a p-value <
H1.2: The CNC mean SMFF

0.05 significant level, a

in the controlled

significant difference was found

environmental condition

between the mean SMFF

differs significantly from the

determined by CNC in

CNP mean SMFF in the

controlled environmental

controlled environmental

condition compared to the mean

condition

SMFF determined by CNP in
controlled environmental
condition.
P < 0.001
Conclusion: The p-value was

H1.3: The CNC mean HFF

less than 0.05 which supports the

in ambient condition differs

claim that the mean HFF from

significantly from the CNP

the CNC is significantly

mean HFF in ambient

different from the mean HFF

condition.

from CNP when the tests are
performed in ambient
condition.
P < 0.001
Conclusion: With a p-value

H1.4 The CNC mean HFF in
the controlled environmental
condition differs significantly
from the CNP mean HFF in
the controlled environmental
condition.

smaller than α =0.05, there is
strong evidence to support the
claim that the mean HFF
determined by CNC is
significantly different from the
mean HFF determined by CNP
when tests are performed in a
controlled environmental
condition.
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HYPOTHESIS 2
Table 5. 6: Paired t-Test for difference in Mean SMFF by CNC method in Ambient Vs SMFF by
CNC Method in Environmental Conditions using PROC MEANS (H2.1)
Variable

Mean

CNC mean SMFF(Amb)
CNC mean SMFF (ENV)
SMFF Difference

Std Dev

26319.1
18382.6
7936.5

23616.8
19495.1
21654.3

Std
Error
3734.1
3082.4
4842

t Value

3.8

Pr > | t |

0.0005

Table 5. 7: Paired t-Test for difference in CNP Mean SMFF in Ambient Vs CNP mean SMFF in
Controlled Environmental Conditions using PROC MEANS (H2.2)
Variable
CNP Mean SMFF (Amb)
CNP Mean SMFF (ENV)
SMFF Difference

Mean
1679.50
1879.75
-197.25

Std Dev
971.41
577.91
538.03

Std Error
343.44
577.91
538.03

t Value

Pr > | t |

-0.37

0.7247

Table 5. 8: Paired t-Test for Difference in CNC Mean HFF in Ambient Vs CNC Mean HFF
Controlled Environmental Condition (H2.3)
Variable

Mean

Std Dev

Std Error

CNC Mean HFF (Amb)
CNC Mean HFF (ENV)
HFF Difference

20454.02
22457.69
-2003.68

26181.39
23550.49
24775.01

3325.04
2990.92
3146.43

t
Value

Pr > | t |

-0.64

0.5266

Table 5. 9: Paired T-Test for Difference in CNP Mean HFF in Ambient Vs CNP Mean HFF in Controlled
Environmental Condition (H2.4)

Variable
CNP Mean HFF (Amb)
CNP Mean HFF (ENV)
SMFF Difference

Mean
1969.89
1969.75
-0.14286

Std Dev
1534.45
1513.5
1553.45

Std Error
193.32
190.68
195.72

t Value

Pr > | t |

0

0.9994
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Table 5. 10: Summary of Results of Hypothesis 2 (H2)
Main Research
Hypothesis

Sub-Hypotheses

Result Using α =0.05
(p=0.1052).
Conclusion: With a p > 0.05

H2.1: The CNC mean

significant level, there is no

SMFF in ambient

sufficient evidence to support the

condition is significantly

claim that the CNC mean SMFF

different from the CNC

in ambient condition is

mean SMFF in a controlled

significantly different from the

environmental condition.

CNC mean SMFF in the
controlled environmental
condition.

H2: Environmental
Condition

H2.2: The CNP mean
SMFF in ambient
condition differs

P=0.7247

significantly from the CNP

Conclusion: There is no sufficient

mean SMFF in the

evidence to support the claim that

quantitative fit factor

controlled environmental

the CNP mean SMFF in ambient

determined by CNC

condition.

condition differs significantly from

(Temperature and
RH) have significant
effects on

the CNP mean SMFF in

and CNP methods.

controlled environmental
condition.
H2.3: The CNC mean HFF
in ambient condition is

P=0.5266
Conclusion: With p> α, there is no
sufficient evidence to support the

significantly different from
the CNC mean HFF in the
controlled environmental

claim that, the CNC mean HFF in
ambient condition is significantly
different from CNC mean HFF in
the controlled environmental

condition.

condition.
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P= 0.9994.
H2.4: There is a significant

Conclusion: With p> α, there is no

difference between the CNP sufficient evidence to support the
mean HFF in ambient

claim that, the CNP mean HFF in

condition and the CNP

ambient condition differs

mean HFF in the controlled

significantly from the CNP mean

environmental condition.

HFF in the controlled
environmental condition.

HYPOTHESIS 3
Table 5. 11: CNC mean SMFF Vs CNC mean HFF in Laboratory Ambient Condition (H3.1)
Source
Model
Error
Corrected Total

DF
1
102
103

Mean Square
226433981
785712020

F Value
0.29

R-Square

Coeff Var

Root MSE

0.002817

114.6320

28030.56

Fit Factor
Mean
24452.63

DF

Type III SS

Mean Square

F Value

1

226433981.1

226433981.1

Source
Subject
Type
Subject
Type
Human
Mannequin

Sum of Squares
226433981
80142626019
80369060000

N Obs
64
40

0.29

Pr > F
0.5926

Pr > F
0.5926

Mean

Std Dev

Min

Max

23286.11
26319.08

30443.86
23616.83

22
396

129297.00
65493.00
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Table 5. 12: CNC mean SMFF Vs CNC mean HFF in Controlled Environmental Condition (H3.2)
Source

DF

Sum of Squares

Model
Error
Corrected Total

1
102
103

290264397
49470063981
49760328379

Mean
Square
290264397
485000627

F Value

Pr > F

0.6

0.4409

R-Square

Coeff Var

Root MSE

0.005833

107.4500

22022.73

Fit Factor
Mean
20495.80

Type III SS

Mean Square

F Value

1 290264397.3

290264397.3

Mean

Std Dev

Min

Max

21816.55
18382.60

23451.33
19495.09

100
157

122291.00
64879.00

Source
Subject
Type

DF

Subject
Type

N Obs

Human
Mannequin

64
40

0.60

Pr > F
0.4409

Table 5. 13: Comparison of mean SMFF to mean HFF in Ambient Condition using CNP
method (H3.3)
Source
Model
Error
Corrected Total

DF
1
70
71

Sum of Squares
666128.0
153576637.8
154242765.8

R-Square
0.004319

Source
Subject Type

Subject Type
Human
Mannequin

Coeff Var
75.89840

DF
1

Type III SS
666128.0278

N Obs
64
8

Mean Square
666128.0
2193952.0

F Value
0.30

Fit Factor
Mean
1951.556

Root MSE
1481.200

Mean Square
666128.0278

Pr > F
0.5834

F Value
0.30

Pr > F
0.5834

Mean

Std Dev

Min

Max

1985.56
1679.5

1527.38
971.41

26.00
604.00

7079.00
3194.00
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Table 5. 14: Comparison of mean SMFF to mean HFF in Controlled Environmental Condition
using CNP method (H3.4)
Source
Model
Error
Corrected Total

DF
1
70
71

Sum of Squares
6067190
2943000631
2949067821

R-Square
0.002057

Source
Subject Type

Mean Square
6067190
42042866

Coeff Var
240.3452

DF
1

Subject
Type
Human
Mannequin

Type III SS
6067190.028

N Obs
64
8

F Value
0.14

Root MSE
6484.047

Mean Square
6067190.028

Pr > F
0.7052

Fit Factor Mean
2697.806

F Value
0.14

Pr > F
0.7052

Mean

Std Dev

Min

Max

2800.44
1876.75

6813.03
1634.57

75.00
515.00

55134.00
4864.00

Table 5. 15: Summary of Results of Hypothesis 3 (H3)
Main Research
Hypothesis

Sub-Hypotheses
(Alternate Hypotheses)

H3: Simulated

Result Using α =0.05
P=0.5926

Mannequin fit test

H3.1: There is a significant Conclusion: The p-value of 0.5926

results compared

difference between the

is not significant at the alpha level of

to human subject

CNC mean SMFF and the

0.05. Therefore, no significant

fit test results

CNC mean HFF when

difference was found between the

differ significantly

tests are conducted in an

SMFF and HFF when the tests were

when tests are

ambient condition.

conducted with CNC in ambient

conducted with

condition
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CNP in a specific
condition

p=0.4409
H3.2: The CNC mean

The p-value of 0.4409 at alpha level

SMFF differs significantly

of 0.05 indicates that there was no

from the CNC mean HFF

significant difference between the

when tests are conducted in SMFF and HFF determined in the
a controlled environmental

controlled environmental condition

condition

when the tests were conducted with
CNC.
p =0.5834

H3.3: The CNP mean

Conclusion: With p>0.05, no

SMFF is significantly

sufficient evidence was found to

different from the CNP

support the claim that the CNP mean

mean HFF when tests are

SMFF differed significantly from

conducted in ambient

the CNP mean HFF when tests were

condition.

performed in an ambient condition.

H3.4: There is a

P=0.7052

significant difference

Conclusion: With p>0.05, the CNP

between the CNP mean

mean SMFF and the CNP mean HFF

SMFF and CNP mean

were not found to be significantly

HFF when tests are

different when tests were performed

conducted in a controlled

in a controlled environmental

environmental condition.

condition.
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